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Abstract	  
 The biological toxicity of mercury has been well studied within in vitro and in vivo 
experimental systems. However, worldwide cases of industrial release into aquatic 
ecosystems have confirmed the potent effects of its entry into the food web. As 
environmental mercury becomes methylated, it is incorporated into biological tissues and 
undergoes biomagnification, reaching progressively higher concentrations in higher trophic 
positions. Through this effect, top predators such as bass have been found with mercury 
concentrations of up to 10,000,000 times the level in the surrounding environment. The 
consumption of such contaminated fish and other wildlife by humans has resulted in severe 
neurotoxicity, affecting nearly every neurosensory system and irreversibly damaging the 
brain. Because mercury is transferred and concentrated through the consumption of prey, its 
movement through contaminated food webs is of great interest. This thesis is an effort to 
understand the movement of dietary mercury from a contaminated aquatic ecosystem into the 
terrestrial ecosystem surrounding it. In the South River, a tributary of the Shenandoah River 
in Virginia, two decades of industrial mercury release have contaminated both the nearby 
aquatic and terrestrial ecosystems, but the dietary connection between them is unknown.  
 Terrestrial spiders near the South River have been found with mercury levels higher 
even than fish from the river itself. These spiders are contributing the majority of dietary 
mercury to bird populations living near the river which are experiencing a multitude of 
negative effects due to this toxin. This thesis attempts to link the predation of terrestrial 
spiders to the aquatic emergence of Ephemopterans (mayflies), a known contributor of 
biomass to terrestrial environments. Mayflies from the river have exhibited significant levels 
of contamination, and are a plausible prey item. Terrestrial spiders and mayflies were 
collected from the South River during Summer 2008, and their mitochondrial DNA was 
amplified using PCR with universal invertebrate primers. This DNA was then sequenced to 
compare mayfly and spider mitochondrial genotypes and design mayfly-specific primers. 
During Summer 2009, terrestrial spiders were collected from the same sites along the river 
where emerging mayflies were collected.  A small subset of these spiders were fed mayflies 
in feeding trials to establish how long mayfly DNA can be detected in spider gut contents. A 
large-scale gut content analysis was then carried out on 111 spiders. 
 The mayfly-specific primers were tested on all collected mayflies, and successfully 
amplified the DNA of 76% of these individuals overall. Feeding trials were carried out with 
varying lengths of spider digestion time, and mayfly DNA was identified for up to 24 hours 
without any time-dependent decrease in detection ability. When the gut contents of 111 
terrestrial spiders were analyzed, none of the samples showed any presence of mayfly DNA. 
Mayfly abundance may have been too low, and mayfly genetic diversity may have escaped 
the utilized primers. However, the efficacy of the methodology developed in this study makes 
it is unlikely that the high levels of contamination in these spiders are caused by preying on 
mayflies. These results provide important knowledge of the dietary connection between the 
aquatic and terrestrial food webs at the South River. If other aquatic insects can be linked to 
the diets of these spiders, the source of mercury can be localized to the river itself, rather than 
to historic deposits in the floodplain. Efforts of remediation to prevent further spreading of 
mercury depend on its environmental location, so further studies of the terrestrial spider prey 
are necessary.  
 
 
Northam	   ii	  
Table	  of	  Contents	  
	  
1. Introduction……………………………………………………………………………………….1	  
i. Environmental	  and	  Biological	  Dynamics	  of	  Mercury	  
a. Environmental	  dynamics	  of	  mercury………………………………………..……….......3	  
b. Biological	  dynamics	  of	  mercury………………………………………………………….…..5	  
ii. Mercury	  Toxicology	  
a. Human	  health	  implications:	  Minamata	  Disease………………………..…………....9	  
b. Acute	  toxicity	  symptoms………………………………………………………………..……..10	  
c. Chronic	  toxicity	  symptoms………………………………………….………………………..12	  
d. Potential	  mechanisms	  for	  mercury	  toxicity……………………………..………….…14	  
e. Implications	  for	  wildlife	  and	  environmental	  regulation……………………..….17	  
iii. Mercury	  Contamination	  at	  the	  South	  River	  
a. Previous	  assessments	  of	  mercury	  contamination…………..……………………..18	  
b. Mercury	  in	  the	  terrestrial	  food	  web:	  avian	  populations…………….……….…19	  
c. Arachnids	  carrying	  mercury	  into	  the	  food	  web…………………………………..…21	  
iv. Linking	  Predator	  to	  Prey	  
a. Spatial	  subsidy	  from	  the	  South	  River…………………………………………………….23	  
b. The	  biology	  of	  mayflies……………………………………………………………….………..24	  
c. The	  biology	  of	  wolf	  spiders…………………………………………..……………………….26	  
d. Molecular	  techniques	  for	  the	  study	  of	  predator-­‐prey	  interaction….……..29	  
v. Specific	  Aims	  of	  Research……………………………………………………..………………..31	  
2. Materials	  and	  Methods	  
i. Collection	  of	  Samples	  
a. Summer	  2008…………………………………………………………….............................32	  
b. Summer	  2009………………………………………………………………………………………..33	  
ii. Spider	  Feeding	  Trials	  
a. Summer	  2008………………………………………………...........................................34	  
b. Summer	  2009……………………………………………………………………….………...……35	  
iii. Dissection	  and	  DNA	  extraction	  
a. Feeding	  trial	  spiders…………………………………………………………………..………….36	  
b. Non-­‐feeding	  trial	  spiders…………………………………………………………………….…37	  
c. Mayflies…………………………………………………………………………………………………38	  
iv. PCR	  Concentrations	  and	  Parameters	  
a. PCR	  with	  Folmer	  Primers…………………………...……………………………………..….39	  
b. PCR	  with	  Mayfly-­‐Specific	  Primers……………….…….…………………………………..40	  
Northam	   iii	  
v. PCR	  Product	  Visualization	  
a. Agarose	  gel	  electrophoresis…………………….……………………………………………42	  
b. Agilent	  2100	  electrophoresis…………………….………………………………….……….42	  
vi. PCR	  Cleanup	  and	  DNA	  Sequencing	  
a. PCR	  cleanup	  and	  DNA	  sequencing	  preparation……………………………..………43	  
vii. Sequence	  Alignment	  and	  Primer	  Design	  
a. Sequence	  editing	  and	  alignment……………………………………….……………….…44	  
b. Receiving	  and	  interpreting	  output	  from	  BLAST………………………..……………44	  
c. Primer	  design………………………………………………..………………………………….…..45	  
3. Results	  
i. Summer	  2008	  
a. Amplification	  of	  mayfly	  and	  spider	  samples……………….............................46	  
b. Sequencing	  and	  analysis	  of	  mayfly	  and	  spider	  samples………..…….…….…..48	  
ii. Mayfly-­‐Specific	  Primer	  Design	  
a. Genetic	  analysis	  of	  collected	  spider	  and	  mayfly	  mtDNA...........................51	  
iii. Mayfly-­‐Specific	  Primer	  Testing	  
a. Testing	  on	  Summer	  2008	  positive	  controls	  and	  feeding	  trial	  spiders….….56	  
b. Testing	  on	  Summer	  2009	  mayfly	  samples………….…………………..…….…….…58	  
iv. Mayfly-­‐Specific	  Primer	  Redesign	  Attempts	  
a. Amplification	  and	  sequencing	  of	  weak	  and	  negative	  samples…………..…..61	  
b. Analysis	  of	  genetic	  diversity	  for	  primer	  redesign……….……………..…………..61	  
v. Spider	  Feeding	  Trials:	  Summer	  2009	  
a. Amplification	  of	  Summer	  2009	  spider	  feeding	  trials………………….…….……65	  
vi. Large-­‐Scale	  Spider	  Gut	  Content	  Analysis	  
a. Mass	  and	  DNA	  concentration	  of	  collected	  Summer	  2009	  samples….….…68	  
b. Negative	  and	  positive	  controls	  for	  the	  large-­‐scale	  gut	  content	  analysis…71	  
c. PCR	  amplification	  results	  from	  the	  large-­‐scale	  gut	  content	  analysis………71	  
4. Discussion…………………………………………………………………………………………………74	  
i. Efficacy	  of	  the	  Utilized	  PCR	  Methodologies	  
a. The	  unique	  challenges	  of	  molecular	  predator-­‐prey	  studies.....................75	  
b. Alternative	  approaches	  for	  the	  identification	  of	  mayfly	  DNA………..….…..79	  
ii. Optimization	  and	  Redesign	  of	  Mayfly-­‐Specific	  Primers	  
a. Singleplex	  versus	  multiplex	  PCR................................................................81	  
b. Efficacy	  of	  the	  mayfly-­‐specific	  primers……………………….…………………………82	  
iii. Genetic	  Diversity	  of	  South	  River	  Ephemopterans	  
a. The	  interpretation	  of	  BLAST	  results	  and	  taxonomic	  boundaries…….....….83	  
b. Limitations	  and	  considerations	  of	  molecular	  taxonomy….………………….…84	  
Northam	   iv	  
iv. The	  Terrestrial	  Transfer	  of	  Mercury	  at	  the	  South	  River	  
a. Interpreting	  the	  role	  of	  Ephemopterans….………………………..……………..…..86	  
b. Alternative	  emergent	  aquatic	  insects……………….……….………………..………..89	  
5. Conclusions	  /	  Future	  Directions………………………………………………………………..90	  
6. References……………………………………………………………………………………………....93	  
7. Acknowledgements…………………………………………………….…………………………….99	  
8. Appendix	  I	  
i. DNA	  Extraction	  Concentrations	  and	  Purities	  
a. Summer	  2008…………………………………………………………………………….101	  
b. Summer	  2009…………………………………………………………………………….102	  
ii. DNA	  Sequences	  
a. Summer	  2008…………………………………………………………………………….108	  
b. Summer	  2009…………………………………………………………………………….111	  
9. Appendix	  II	  
i. Primer	  Redesign	  Attempts…………………………………………………………………….118	  
	  
	  
List	  of	  Figures	  and	  Tables	  
	  
Figure	  1:	  Locations	  of	  PCR	  amplification	  within	  the	  mayfly	  mitochondrial	  
genome……………………………………………………………………………………………………………..41	  
	  
Figure	  2:	  PCR	  inhibition	  with	  increasing	  DNA	  template	  concentration……………….47	  
	  
Figure	  3:	  Genetic	  conservation	  among	  and	  between	  spiders	  and	  mayflies………..53	  
	  
Figure	  4:	  The	  design	  and	  composition	  of	  mayfly-­‐specific	  primers………………………55	  
	  
Figure	  5:	  Amplification	  of	  mayfly	  mtDNA	  from	  Summer	  2008	  spider	  gut	  
contents…………………………………………………………………………………………………………….57	  
	  
Figure	  6:	  Amplification	  of	  Summer	  2009	  mayflies	  using	  mayfly-­‐specific	  
primers……………………………………………………………………………………………………………...59	  
	  
Northam	   v	  
Figure	  7:	  Phylogeny	  prediction	  for	  all	  sequenced	  mayflies	  (Summer	  2008	  and	  
2009)………………………………………………………………………………………………………………...60	  
	  
Figure	  8:	  Morphology	  of	  two	  collected	  adult	  mayflies	  from	  Summer	  2009………..62	  
	  
Figure	  9:	  Amplification	  of	  mayfly	  DNA	  after	  12	  hours	  of	  spider	  digestion………….64	  
	  
Figure	  10:	  The	  direct	  relationship	  between	  collected	  spider	  mass	  and	  DNA	  
extraction	  concentration…………………………………………………….…………………………….66	  
	  
	  
Figure	  11:	  The	  average	  masses	  of	  spiders	  collected	  at	  three	  South	  River	  sites…..69	  
	  
Figure	  12:	  Positive	  and	  negative	  controls	  for	  large-­‐scale	  spider	  gut	  content	  
analysis………………………………………………………………………………………………………………70	  
	  
Figure	  13:	  Representative	  PCR	  results	  for	  the	  large-­‐scale	  gut	  content	  analysis	  of	  
collected	  spiders………………………………………………………….………………………….………..72	  
	  
Table	  1:	  BLAST	  results	  from	  Summer	  2008	  collected	  mayflies……………………………49	  
	  
Table	  2:	  BLAST	  results	  from	  Summer	  2008	  collected	  spiders……………………………..50	  
	  
Table	  3:	  BLAST	  results	  from	  Summer	  2009	  mayfly	  DNA	  sequences……………………60	  
	  
	  
Northam	   1	  
Introduction	  
	   Mercury is a global environmental contaminant and a potent toxin with the 
potential for devastating effects in biological organisms. Since the industrial revolution, 
humans have increased the release of mercury into Earth’s atmosphere fourfold, and 
allowed myriad industrial operations to dump it into our waterways and oceans 
(Selvendiran et al., 2008). Once inorganic mercury is released into aquatic ecosystems, 
microbes initiate a complex metabolic cascade, whereby the mercury becomes 
methylated. This organic form of mercury is of most concern as a biohazard, because it is 
preferentially incorporated in biological tissues, and is not easily metabolized or excreted 
from any eukaryotic organisms (Clarkson and Magos, 2006). In a process called 
bioaccumulation, organisms low in the food chain are able to internally concentrate 
methylmercury to progressively higher levels, accumulating it faster than it can be 
excreted. Because animals preying on such producers also cannot excrete it efficiently, 
they become contaminated, retaining the mercury from their many prey organisms lower 
in the food chain. At the trophic level of a top predator such as a trout, the methylmercury 
has been transferred efficiently up the food chain in concentrations millions of times 
greater than levels in the environment (Bonzongo and Lyons, 2004). Thus, 
methylmercury can be biomagnified to very dangerous levels. 
 As humans are essentially “top predators” in many food chains, we become 
exposed to hazardous levels of methylmercury when eating contaminated fish or 
shellfish. The case of Minamata Bay, where the release of mercury caused neurological 
disorders for thousands of exposed individuals, along with other cases of industrial 
dumping provide a somber reminder of this effect. The neurotoxic properties of 
Northam	   2	  
methylmercury have been extensively documented in humans, with acute symptoms 
affecting nearly every neurosensory system as well as various coordination systems. 
These effects result from damage to the cerebral cortex and the cerebellum of the brain 
(Ninomiya et al, 2005).  The persistence of methylmercury in ecosystems and organisms 
has led, remarkably, to patients experiencing symptoms of toxicity nearly 30 years after 
local dumping had ceased. Non-fatal adult exposure has caused devastating fetal 
mutations and stillbirths, associated with massive and widespread disorder throughout the 
developing brain. Even asymptomatic maternal exposure is linked to serious 
developmental abnormalities in childhood (Andersen et al., 2000).  
 This thesis focuses on the South River, a tributary of the Shenandoah River in 
Virginia, which has been highly contaminated from decades of industrial mercury 
dumping. Multiple seasons of research on avian populations living near the river have 
determined that insectivorous songbirds are exhibiting levels of methylmercury similar to 
or even greater than to birds eating fish directly from the river (Cristol et al., 2008). 
Subsequent investigations of the diets of these insectivorous birds revealed that they are 
composed of 25-30% spiders, which are delivering approximately 75% of the 
methylmercury in the birds’ diets. Although this contamination results in many negative 
effects in studied birds (reproduction, immune function, endocrine systems, and behavior; 
Wada et al., 2009, Hallinger et al., 2010, Hawley et al., 2009, Brasso and Cristol, 2008), 
it also indicates that contamination is spreading through the terrestrial food web—not 
simply the river itself (Cristol et al., 2008).   
 The biological path of methylmercury between the aquatic and terrestrial food 
webs is unknown, and this knowledge is crucial to understanding whether the mercury in 
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the birds’ diets originates in the river itself, or has been deposited in the floodplain during 
historic floods. The present study is a utilization of molecular tools to identify the prey of 
terrestrial spiders which are ingesting high levels of dietary mercury. The next few 
sections will elaborate on the dynamics of mercury, its toxicity worldwide, and on the 
South River. Next, a potential predator-prey relationship (wolf spiders and mayflies) is 
discussed along with the molecular tools that can be used to demonstrate such predation. 
If remediation of the South River is to be considered, the source of the mercury 
contamination and the route by which it is spreading must be determined. Understanding 
the dietary flow of such a dangerous toxin is of tremendous importance for both the 
wildlife and the humans inextricably linked to it.  
 
i. Environmental	  and	  biological	  dynamics	  of	  mercury	  
	  
a. Environmental	  dynamics	  of	  mercury	  
 Mercury has a well-studied history as an environmental contaminant and a 
dangerous toxicant, and the implications of its entry into biological environments are far-
reaching, especially in the case of aquatic and marine contamination (Maramba et al., 
2006). Natural sources of mercury release include volcanic eruptions, forest fires, and the 
degassing of mineral deposits and contaminated ecosystems, both terrestrial and aquatic 
(Wang et al. 2004). However, analyses of peat cores and lake sedimentary records have 
revealed that geological sources are insignificant with respect to the increase in mercury 
release from anthropogenic sources within the last century (Selvendiran et al., 2008). 
These increases can result from the combustion of oil and coal, incineration of solid 
Northam	   4	  
waste, and discharge from mining and industrial operations. Industrial release in 
particular has resulted in a substantial increase in atmospheric mercury, and an estimated 
4-fold increase in global atmospheric deposition rates since pre-industrial time. Some 
local estimations of the mercury deposition rate are more extreme; measurements in the 
southwestern US suggest a rate 24 times greater than before the industrial revolution 
(Wang et al., 2004).  Although an estimated 6600 metric tons of mercury are released into 
the atmosphere annually, deleterious biological effects have been demonstrated most 
acutely in the contamination of aquatic ecosystems (Driscoll et al., 2007). 
 Elemental mercury (Hg0), the most prevalent atmospheric form, is largely non-
soluble in water. Aquatic mercury most commonly exists in either an inorganic (Hg+1, 
Hg+2) or organic state. Inorganic mercury can be found complexed with a variety of ions 
and molecules including sulfide, chloride, and hydroxide (Wang et al., 2004). Organic 
mercury results from a complex of Hg+2 with organic ligands found naturally in the 
aquatic environment. However, the most biologically dangerous forms of organic 
mercury are called organomercurials, such as an Hg atom bonded covalently to one 
(methylmercury) or two (dimethylmercury) hydrocarbon groups (Gill and Bruland, 
1990). In aquatic environments, inorganic mercury (chiefly Hg+2) can be converted to 
methylmercury (MeHg), in a process thought to be mediated by sulfate-reducing bacteria 
and other microbes. Experimental work modeling sedimentary conditions with sulfate-
reducing bacteria such as Desulfovibrio desulfiricans has demonstrated the high 
efficiency with which they can methylate mercury. Molybdate, a chemical known to 
prevent sulfate-reduction, eliminated the production of MeHg in such experimental 
sedimentary conditions, further implicating these bacteria as important contributors to the 
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problem of mercury methylation in aquatic ecosystems (Morel et al., 1998). This process 
of methylation is enhanced by various factors including anoxic sedimentary conditions, 
warm temperatures, and the availability of organic nutrients (Selvendiran et al., 2008).  
 
b. Biological	  dynamics	  of	  mercury	  
 Once MeHg is present in a sufficient concentration to enter the food web, it is 
taken up by primary producers such as algae in a process called bioaccumulation. 
Primary producers bioaccumulate MeHg preferentially over inorganic mercury by a 
factor of approximately four, and can internally concentrate MeHg from the surrounding 
sediment and water by a factor of 105 to 106 (Driscoll et al., 2007). The ability of MeHg 
to rapidly cross cell membranes and bind with high affinity to sulfhydryl groups allows 
for bioaccumulation to take place, resulting in progressively increasing concentrations 
inside the cell. These increases in MeHg over time are possible even if the surrounding 
environmental MeHg concentrations remain at a constant, relatively low level (Bonzongo 
and Lyons, 2004). Because eukaryotic cellular machinery does not possess the capacity to 
metabolize or effectively excrete MeHg, bioaccumulation is an overwhelmingly one-way 
process. The efficient and rapid passage of MeHg through cell membranes was originally 
attributed to high lipid solubility of its chloride salt used in some studies; however, more 
recent evidence suggests that MeHg forms water-soluble complexes with amino acids 
such as cysteine, containing a thiol group.  By forming a complex with cysteine, it can 
effectively mimic the chemical structure of the amino acid methionine, granting it entry 
into cells via amino acid transporter proteins (Clarkson and Magos, 2006). Further 
investigation and computational modeling of the chemical structure of this complex has 
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indicated that it could be too different from methionine to be a functional analog. 
Nevertheless, the MeHg-cysteine complex appears to have significant affinity for regions 
of certain amino acid transporter proteins, which could still explain a mechanism for its 
cellular entry (Heggland et al., 2009). 
 Although the entry of mercury into eukaryotes is often of ultimate interest to 
researchers, it must first gain passage into the microbes that methylate it. Some bacteria 
possess mer operons, DNA sequences containing multiple mercury-related genes under 
the control of a regulatory signal. These are usually acquired via plasmids, and confer 
resistance to toxicity and the ability to metabolize organic mercury complexes. These 
operons can be transferred between different bacterial species, and can encode proteins 
such as MerT, a cation transporter that allows Hg+2 to attain transmembrane passage and 
become available for processes such as methylation. Because inorganic and even organic 
mercury complexes such as dimethylmercury are not found to efficiently bioaccumulate 
in eukaryotic organisms, MeHg is the form of most concern and mercury methylation is 
of critical importance (Morel et al., 1998).  
Once MeHg achieves cellular entry and bioaccumulation begins, the MeHg 
burden is unlikely to significantly decrease over the lifetime of the organism. This is not 
necessarily because it has an “infinite” elimination half-life—the half-life in humans is 
approximately 72 days (Clarkson and Magos, 2006), compared with about 400 days in 
zebrafish (Gonzalez et al., 2005). Rather, it is due to the continued and periodic feeding 
on contaminated organisms. Over time, these individual organisms accumulate 
concentrations that cannot be excreted quickly enough to prevent bioaccumulation from 
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occurring. Bioaccumulation, however, is only one component in the sequence of events 
underlying the toxic buildup of MeHg in a biological environment.  
When the movement of MeHg is viewed on the scale of an aquatic food web 
instead of only an individual organism, the phenomenon called biomagnification can be 
seen. Biomagnification refers to the biologically devastating effect whereby the 
concentration and proportion of MeHg to total Hg increases progressively up a particular 
food chain (Clarkson and Magos, 2006). This effect is dependent on the persistent 
properties of MeHg as it bioaccumulates, such that organisms occupying higher trophic 
levels will ingest higher concentrations from their prey, efficiently transferring the 
mercury burden up the chain. Beginning with primary producers such as phytoplankton, 
and moving up the chain to zooplankton, planktonic fish, and eventually piscivorous fish, 
the MeHg found in the sediment and water can be biomagnified by as much as a factor of 
107 (=10,000,000) (Driscoll et al., 2007). The study of biomagnification answers the 
otherwise perplexing question of how MeHg levels measured in parts per trillion in the 
water can become parts per million in fish which inhabit these waters (Morel et al., 
1998).  
Top predators such as piscivorous fish not only receive high mercury levels 
because of their prey; these predators are often older and thus have had more exposure 
time in addition to a potentially diminished ability to excrete MeHg (Driscoll et al., 
2007). Logically, then, more links available in a food chain will lead to even greater 
biomagnification and more risk for toxicity to the top predators. Studies on North 
American lakes have consistently found higher MeHg levels among areas with 
planktivores including rainbow smelt and herring, where the number of trophic positions 
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in the food chain is increased. The structure and hierarchy of these food webs has been 
investigated with respect to contaminants like mercury, with one effective method being 
the measurement of stable isotope ratios (Morel et al., 1998). Specifically, the stable 
nitrogen isotope ratio δ15N (15N/14N) provides information regarding the trophic position 
of an organism. Predators higher in the aquatic food chain, such as trout, were found to 
have higher δ15N ratios than pelagic forage fish, shrimp, and zooplankton, which each 
had respectively lower δ15N ratios. Furthermore, each of these trophic positions was 
correlated to decreasing levels of mercury contamination, with the top predator exhibiting 
both the highest mercury levels and the highest δ15N ratios (Cabana and Rasmussen, 
1994). Because such aquatic predators receive negligible amounts of MeHg from the 
water in comparison to that which they receive in their diets, isotope measurements like 
these can serve as predictors of which organisms in the food web are likely to suffer the 
largest mercury burdens.  
Aquatic systems with even very low background levels of MeHg have been found 
to harbor top predatory fish with unsafe mercury levels for consumption, indicating the 
power of biomagnification (Bonzongo and Lyons, 2004). Even in open oceans, predatory 
sharks have exhibited MeHg levels of 4 parts per million (ppm), a 400-fold increase over 
herbivorous fish in the same food chain (0.1 ppm), and a 1,000,000-fold increase over 0.1 
pg/ml levels in the water (Clarkson and Magos, 2006). In aquatic systems such as rivers, 
fish are usually not the top predators of their extended food chain; higher trophic 
positions are available for organisms such as piscivorous birds and the humans who fish 
waters contaminated by MeHg. What begins in the sediment and water as a low 
concentration of MeHg can easily be biomagnified to a physiologically relevant level in a 
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top predator, creating toxic effects from this molecule which is not easily excreted or 
reduced in concentration upon absorption. 
 
ii. Mercury	  Toxicology	  
a. Human	  health	  implications:	  Minamata	  Disease	  
Unfortunately, the toxic effects of mercury in biological systems have been 
discovered largely as a consequence of severe neurological and neurodevelopmental 
problems emerging in people who have eaten from a contaminated food source. As early 
as 1953, the Minamata Bay disaster in Japan exposed the capacity of MeHg to cause 
different cases of both acute and chronic toxicity in at least 200,000 individuals. Studies 
of these cases would later result in the naming of Minamata Disease, a constellation of 
symptoms and clinical observations to describe cases of MeHg poisoning (Ekino et al., 
2007).   
For more than ten years, MeHg chloride was produced as a byproduct in a 
chemical plant, and subsequently was dumped into the nearby Minamata Bay. Soon after 
dumping began, people living around the bay began to exhibit symptoms now recognized 
as signs of acute MeHg poisoning. Because the bay supported a large fishing community, 
which supplied the seafood making up a large part of the local diet, the aquatic food 
chain quickly became contaminated (Bertossi et al., 2004). By 1959, locals had identified 
the shellfish and fish in their diets as the causative factor for these acute poisoning cases 
and imposed a boycott on these items. Ironically, just as these conclusions were being 
made, the chemical plant expanded production and shifted its waste dumping to the 
Minamata River, which released huge amounts of MeHg chloride into the Shiranui Sea. 
Northam	   10	  
Without the confines of the bay, broad coastal areas around this sea were actively 
contaminated for the next ten years, until dumping ceased in 1968 (Ekino et al., 2007). A 
ban on fishing was never placed on the contaminated waters of the Shiranui Sea, and 
thousands of MeHg poisoning cases would be recorded as a result. In a study sampling 
MeHg levels from the hair of 1644 individuals living along multiple kilometers of the 
coast of the sea in 1960, the median level was an astounding 23.4 ppm, ranging as high as 
920 ppm. Most of these cases derived from chronic exposure to contaminated seafood 
diets, which revealed the ability for MeHg to bioaccumulate in the human body over 
prolonged exposure to dietary contaminants, despite occasionally low levels of MeHg in 
the food (Ninomiya et al., 2005).  
 
b. Acute	  toxicity	  symptoms	  
The symptoms presented from patients with acute MeHg poisoning are almost 
entirely neurological, drastically affecting systems from visual to somatosensory. In all 
patient reports, constriction of both visual fields was observed, and most individuals also 
experienced blurred vision along with impaired visual contrast and depth perception 
(Ninomiya et al., 2005). These observations are consistent with reports of neuron loss and 
increased microglia concentration in the visual cortex of the brain—signs of cell death 
and inflammation which likely account for the visual symptoms. Auditory systems 
exhibited a marked decrease in the ability to discern sound frequencies from 3000-8000 
Hz, accompanying a loss of ability to distinguish speech from other sounds. Pathological 
investigations have localized the source of these auditory problems to the primary 
auditory cortex, within the temporal lobe. Similarly, changes in the gustatory and 
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olfactory sensations of these patients were observed; their ability to notice the types and 
magnitudes of tastes and odors was significantly diminished. Studies of these patients 
ruled out peripheral abnormalities such as cranial nerve lesions, again pointing to the 
central nervous system. Specifically the sensory cortices of the brain are implicated as the 
structures being negatively affected by MeHg (Ekino et al., 2007).  
Some of the most physically evident symptoms of acute MeHg poisoning result 
from damage to the cerebellum, a brain structure essential for coordinating complex 
movements. In various documented cases of human contamination as well as several 
animal model studies, acute exposure to MeHg caused symptoms such as loss of 
coordinated ability to walk, loss of motor control of the face and tongue leading to speech 
problems, and generally uncoordinated limb movement (Ninomiya et al, 2005). The 
finger-nose test, an indicator of alcohol intoxication because of its assessment of 
cerebellar function, was commonly used to visualize these problems of 
neurocoordination. Observation of patient and animal brain tissue revealed various 
problems within the cerebellum, including the shutdown of protein synthesis in granule 
cells, an important neuronal cell type for the cerebellum’s ability to keep movements 
synchronized with the right amounts of muscle activity at appropriate times (Clarkson 
and Magos, 2006).  
Although the aforementioned neurological symptoms are all common among 
victims of acute MeHg poisoning, the most common symptomatic complaints were of a 
somatosensory impairment. Specifically, these patients complained of a loss of the ability 
to feel touch, pressure, vibration, or pain, while having exaggerated sensation of 
temperature. Most commonly these somatosensations occurred in the lips, arms, and legs 
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(Ekino et al., 2007). Researchers using rats as experimental models for acute MeHg 
poisoning noticed lesions forming in the peripheral nervous system and part of the spinal 
cord, and therefore assumed that humans were experiencing somatosensory disturbances 
through these such effects. However, modern electrophysiological techniques including 
the “somatosensory evoked potential” method, ruled out peripheral nerve lesion, in 
addition to deep tendon reflex tests, which never indicated any peripheral problems.  
Therefore, it is most likely that these patients were experiencing damage directly to the 
brain, probably in the somatosensory cortex. This area of the cortex is responsible for 
more than simply the perception of touch, pressure, temperature, vibration, and pain. 
More complex functionality like the discrimination of two sharp points separated by a 
certain distance on the skin, or the perception of shape and texture are also part of this 
cortical system. By specifically testing these functions, clinicians could finally point to 
the brain itself as the organ receiving the majority of MeHg-related damage (Ninomiya et 
al., 2005).  
 
c. Chronic	  toxicity	  symptoms	  
Individuals receiving MeHg over long periods of time in their diets could 
maintain levels which were sometimes subclinical; i.e., not a strong enough factor as to 
make the patient seek medical care, but enough to produce symptoms nonetheless. Some 
Japanese cases of chronic low-level toxicity included symptoms such as diminished or 
lost sensation and tingling of the lips, arms, and legs. Astonishingly, many of these cases 
emerged as recently as 1995, indicating that people were still experiencing effects of the 
MeHg release in the Minamata Bay and River, even 30 years after such industrial release 
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had ceased. These findings are a testament to the persistence of MeHg both in the 
environment and the biological tissues in which it accumulates progressively over time 
(Ekino et al., 2007). Experiments infusing different doses of MeHg into other primates 
(Macaca fascicularis) have discovered changes on the cellular level of the brain even in 
individuals who appeared to be completely asymptomatic. In these primates, increases of 
over 100% in the number of microglia within the visual cortex of the brain were 
observed. Other primate studies have noted that glial cells preferentially sequester MeHg, 
which may contribute to a neuroprotective mechanism preventing neurons in the primate 
cerebral cortex from extensive damage due to low-level chronic MeHg exposure 
(Clarkson and Magos, 2006).  
Although acute and chronic MeHg toxicity are responsible for the suffering of 
thousands of adults, some of the most tragic cases of mercury poisoning are those 
involving infants and children. Several neurotoxic substances including lead and PCBs 
are known to leverage particularly powerful effects on the developing nervous system, 
and MeHg is no exception. Critical damage can be done both in utero and once a child is 
born, when the brain is still developing at a tremendous rate (Andersen et al., 2000). 
Mothers showing very little if any symptoms of MeHg poisoning have been documented 
giving birth to infants with severe neurodevelopmental malformations, indicating a 
combination of a developing nervous system which is very sensitive to organomercurial 
insult, and the ability for such complexes to easily cross the placental barrier (Heggland 
et al., 2009).  
While symptoms of adult acute MeHg poisoning mentioned above featured 
localized damage to certain regions of cerebral cortex, autopsy reports from neonatal 
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victims (<1 month of age) revealed global brain damage. The cortex, normally divided 
uniformly into six layers of neurons and associated cells, was severely malformed and 
disorganized in many victims. The incorrect and scattered placement of neurons 
throughout the brain indicated that normal processes of neuronal migration were grossly 
disrupted. Instead of migrating properly from their “birthplace” out toward complex 
destinations in the cortex, many neurons were found in ectopic positions—incorrect 
locations which prevent the intricate neural networks in the brain from forming properly. 
These cases, resulting from maternal MeHg food contamination in Japan and Iraq, 
provide evidence for an enormous disparity between levels of mercury required to elicit 
physiological effects in an adult versus those able to cause severe deformities in a 
developing fetus or infant. Children with lower levels of exposure who lived beyond the 
neonatal period were often observed with delays in developmental milestones such as 
beginning to walk. Analysis of maternal hair provides a chronological record of MeHg 
levels throughout pregnancy, and levels that were asymptomatic for the mother were 
found to delay an infant’s ability to walk until greater than 18 months of age. Studies of 
in utero MeHg exposure in New Zealand have found strong statistical correlations 
between mercury levels in maternal hair and diminishing children’s scores for IQ, motor 
skills, and language development (Clarkson and Magos, 2006).   
 
d. Potential	  mechanisms	  for	  mercury	  toxicity	  
Although many lines of ongoing research are attempting to describe a mechanism 
for the extremely potent neurotoxicity of MeHg in humans and other vertebrates, a 
comprehensive solution has not yet been found. The difficulty in elucidating a 
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generalized mechanism may derive from the extremely high affinity of MeHg for any 
amino acids containing organic sulfhydryl groups, a widespread occurrence in biological 
systems. Many enzymes sustaining the biochemical reactions necessary for life contain 
sulfhydryl groups in their catalytic sites. When MeHg is present, it will bind with high 
affinity to these areas and this could potentially wreak widespread havoc on myriad 
enzymatic functions of an organism. As an indication of the biological affinity of MeHg, 
it has never been isolated from biological fluid or tissue without being in a complex with 
a sulfhydryl group (Aschner and Syversen, 2005). However, examples of acute and 
chronic toxicity demonstrate the overwhelming damage being neurological in nature, 
focused apparently in the brain. How are such specifically neurotoxic effects possible?  
In order for any chemical to enter the brain, it must cross the blood-brain barrier 
(BBB), a layer of cells and associated membranes that allow selective molecular passage 
into the brain’s vascular supply. Dietary MeHg is nearly completely absorbed into the 
circulation, and is able to easily cross both the BBB and placenta (Bertossi et al., 2004). 
Mechanisms for entry have not been completely determined, but seem highly dependent 
on the chemical makeup of the mercury complex. MeHgCl easily crosses lipid 
membranes and thus enters cells primarily via passive diffusion. Conversely, MeHg 
complexed with sulfhydryl groups including that of cysteine enters through amino acid 
transporter proteins differing in various neural cell types (Heggland et al., 2009).  
Once MeHg enters the brain, it is preferentially taken up by astrocytes, glial cells 
that provide surrounding neurons with nutrients and also help to control extracellular 
levels of various ions and neurotransmitters. If these chemicals are not present in the 
correct physiological concentrations, neurons will function incorrectly and could suffer 
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cell death. One such important neurotransmitter is glutamate, a primary excitatory 
chemical which can cause excitotoxicity and cell death if it becomes too great in 
concentration outside neuronal cell bodies. Astrocytes normally will take up excessive 
extracellular glutamate, but MeHg hinders their ability to perform this action, in addition 
to stimulating the neuronal release of glutamate. This toxic combination results in 
inappropriate apoptosis (cell death), and could account for many problems within the 
adult and developing brain. Additionally, the tremendous importance of astrocytes in 
supporting many aspects of neuronal function and development suggests devastating 
effects when their function is jeopardized due to preferential MeHg absorbance. 
Functions as basic as cytoskeletal maintenance and cell movement can be radically 
disrupted by MeHg; it is thought to prevent microtubules from repolymerizing, which 
prevents astrocytes from escorting immature neurons along their migratory paths 
(Aschner and Syversen, 2005).  
Studies both in vitro and in vivo have linked MeHg to the production of reactive 
oxygen species (ROS), such as oxygen free radicals, which have been implicated in 
various neurodegenerative diseases including Parkinson’s and Alzheimer’s diseases. 
These chemicals can cause mitochondrial dysfunction, and are also linked to DNA 
damage. Studies with rats have indicated that MeHg causes a significant increase in the 
prevalence of DNA double-stranded breaks, and inhibits enzymatic DNA repair systems, 
ensuring that nucleic acid damage will persist inside the cell (Grotto et al., 2009).  
In addition to DNA damage, genetic expression has been investigated in a 
zebrafish model. Researchers targeted expression levels of 13 genes spanning 
involvement with antioxidant control, DNA repair, apoptotic regulation, and 
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mitochondrial metabolism. Over 63 days dietary MeHg was found to accumulate in the 
brain, liver, and muscle tissue, with the brain sequestering twice the mercury of the 
skeletal muscle and 1.5 times the mercury of liver tissue. Intriguingly, although 
expression levels in liver and muscle were significantly altered in most cases, there were 
no changes found in the brain. While it is possible that the researchers did not attain a 
high enough concentration of MeHg to overcome potential neuroprotective effects, one 
mechanism of neurotoxicity could have been the lack of expression itself. If MeHg could 
indeed prevent neural tissue from changing expression levels in genes required to repair 
DNA damage and prevent free radical damage, the effect of these neuronal insults would 
be greatly magnified (Gonzalez et al., 2005). 
 
e. Implications	  for	  wildlife	  and	  environmental	  regulation	  
Discovery of the mechanism(s) by which MeHg exerts its physiological effects is 
a key concern, but much effort has also been focused on the use of animal models to 
determine what levels of mercury are dangerous to humans. In streams and waterways 
such as the South River (the subject of this thesis), fishing and hunting with the 
subsequent consumption of animals must be tightly regulated in order to avoid the many 
health problems associated with acute or chronic exposure. Epidemiological analyses 
from cases of widespread human exposure are used, with supporting animal data when 
applicable, to calculate a “no observed adverse effects level” (NOAEL). Experiments 
with nonhuman primates have effectively mimicked many of the neurological symptoms 
reported in cases of Minamata disease, but it was not possible to generalize a NOAEL. In 
rat studies, researchers have found a MeHg NOAEL of 5 µg/kg/day, but many 
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differences in the biological dynamics of MeHg differ significantly between rodent 
models and humans. Because of shorter excretion half-life times, rats must intake 10 
times more MeHg than humans to attain comparable levels in brain tissue (Castoldi et al., 
2008).   
Human evidence, ultimately, has been the primary source of data used to create 
exposure limits for the purposes of environmental regulation. Asymptomatic neonates 
born to mothers living in an environment with widespread MeHg exposure have ranged 
as high as 0.3 and 0.4 ppm (via umbilical cord measurements), indicating these levels to 
be potentially safe. However, Iraqi children have died in utero with levels of 
approximately 1 ppm, so variability between individuals must be considered. In the most 
current January 2001 criterion release from the US Environmental Protection Agency 
(EPA), the focus of MeHg monitoring was placed not on the water itself, but rather on the 
consumption of fish. This is because of the biomagnification of background MeHg levels 
in the water to levels in fish tissue which are much more physiologically relevant to 
humans, and more likely to harm infants. EPA guidelines stipulate a maximum 
consumption of 0.3 mg MeHg per kg of fish, based on the average levels of American 
fish consumption (USEPA, 2001).  
 
iii  Mercury	  Contamination	  at	  the	  South	  River	  
a. Previous	  assessments	  of	  mercury	  contamination	  
The multiple aforementioned examples of MeHg animal toxicity demonstrate the 
critical importance of understanding the flow of dietary mercury through a contaminated 
environment. If the risks of exposure to humans and wildlife are to be minimized or 
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avoided altogether, various questions regarding the storage and dynamics of mercury in 
that environment must be addressed. The present study is an effort to understand the 
dynamics of MeHg within the food webs of the South River, a tributary of the South Fork 
of the Shenandoah River. A DuPont industrial plant located in Waynesboro Virginia 
released mercuric sulfate into the South River for a period of 21 years, from 1929 to 
1950. The plant was producing acetate fibers for textile use, and eventually contaminated 
approximately 40 km of the river, leaving a toxic legacy that is still a growing problem in 
2010 (Brasso and Cristol, 2008). 
 A 1991 survey of mercury levels in the water and various organisms of the South 
River determined that water upstream of the DuPont plant contained negligible levels of 
contamination. However, mercury levels in the water within the contaminated stretch of 
river were measured at 0.25 µg/L, and showed a characteristic biomagnification effect in 
periphyton (1.76 µg/g) and seston, particulate organic matter suspended in stream water 
which forms an important dietary source for aquatic invertebrates (17.8 µg/g). Bass from 
this contaminated region, as expected, exhibited higher tissue levels of mercury 
(averaging between 1.2 and 5.7 mg/kg) than those collected upstream of the industrial 
plant (0.24 mg/kg). Due to their position as a top predator, these bass provide an 
important indication that the inorganic mercuric sulfate released into the river was being 
methylated and passed efficiently through the food web (Bidwell et al., 1993).  
 
b. Mercury	  in	  the	  terrestrial	  food	  web:	  avian	  populations	  
Other cases of environmental MeHg contamination have shown that these levels 
of contamination in fish have myriad physiological implications; levels as low as 0.56 
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mg/kg have caused impaired reproduction, suppression of sex hormone release, and 
alterations of reproductive behavior. Outside the contaminated waters themselves, many 
species of birds have been studied with regard to the effects of dietary MeHg. Mercury 
levels greater than 15 mg/kg are known to be fatal in birds, and exposure levels as low as 
0.4 mg/kg may be associated with various reproductive impairments, neurological 
changes (demyelination), and impairments of the immune system (Scheuhammer et al., 
2007).  
Over four recent seasons of field research at the South River, Cristol and his team 
of researchers, along with other collaborators, have investigated the levels and effects of 
MeHg contamination on various avian populations living in contaminated and 
uncontaminated sites (Brasso and Cristol, 2008). Adult belted kingfishers (Ceryle 
alcyon), birds that necessarily eat contaminated fish from the river, showed average blood 
mercury of 3.35 ppm. However, tree swallows also showed some of the highest levels of 
blood mercury ever recorded for a terrestrial bird (3.56 ppm) in addition to feather 
mercury levels that indicating prolonged exposure (13.55 ppm). These results were not 
entirely surprising because the dietary intake of tree swallows includes emergent aquatic 
insects, which can spend up to two years living in the contaminated river before being 
eaten as emerging adults. Not only were these birds exhibiting unexpectedly high levels 
of mercury for a diet composed of insects—they experienced negative reproductive 
effects, producing fewer fledglings. Therefore, terrestrial songbirds became an important 
bioindicator for the impact of MeHg contamination in both the South River itself and the 
surrounding terrestrial food web (Brasso and Cristol, 2008). The more surprising finding 
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was that 12 of 13 terrestrial songbird species in the area, including many with no aquatic 
origin to their diets, also had elevated mercury levels (Cristol et al., 2008).  
Further studies of the terrestrial songbird populations around contaminated and 
non-contaminated sites surrounding the South River (Carolina Wren, House Wren, and 
Song Sparrow; Thyrothorus ludovicianus, Troglodytes aedon, Melospiza melodia) 
strengthened evidence for negative effects in the terrestrial food web. These three species 
showed consistent abnormalities in spectrographic analysis of their songs, and both wren 
species sang shorter songs. These results corroborate other studies involving stress during 
the song learning process, and possibly neural insult—both attributable to the high levels 
of mercury contamination (Hallinger et al., 2010). This pervasive and persistent 
contamination has also been investigated with regard to the immune function of 
songbirds living near the South River. Female tree swallows were used to perform in situ 
phytohaemagglutinin (PHA) mitogen-induced swelling assays, a test for T-cell-mediated 
immune competence. These PHA results suggest that female tree swallows mount an 
impaired immune response when compared to the same species and sex of birds living in 
non-contaminated sites (Hawley et al., 2009). Endocrine disruption has also been 
investigated in tree swallows, suggesting that MeHg impairs adrenocortical function by 
suppressing thyroid hormone T3 and T4 levels in the blood and altering the 
corticosterone stress response (Wada et al., 2009). 
 
c. Arachnids	  carrying	  mercury	  into	  the	  food	  web	  
Of course, the prevailing question from the results above is how the many 
sampled birds, none piscivorous, could be bioaccumulating so much mercury. In order to 
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answer this question, the prey being fed to nestlings of three songbird species were 
collected and analyzed. One might expect aquatic insects, emerging from the 
contaminated river itself, to have comprised a majority of these songbird diets. 
Interestingly, though, none of the collected prey originated from the river. Approximately 
25% of prey samples were spiders (order Araneae), and the remainder was composed of 
moths, caterpillars, and grasshoppers. Furthermore, the average total mercury 
concentration of collected spiders (1.24 ppm) dwarfed that of moths and caterpillars (0.38 
ppm) and grasshoppers (0.31 ppm). Each of these insect groups, when collected in non-
contaminated sites, displayed negligible levels of mercury, indicating that these insects 
have diets which are ultimately aquatic in origin and are transferring a large amount of 
contaminated biomass through the terrestrial food web. In fact, contaminated spiders 
showed average mercury levels even higher than the fish eaten by kingfishers (0.73 ppm). 
Clearly, contamination of the South River has caused a large MeHg burden to be carried 
into the surrounding terrestrial food web. It is imperative to investigate where the 
aquatic/terrestrial crossover is occurring, in order for the location of the source of dietary 
MeHg to be established. Whether the mercury emerges directly from the river via aquatic 
insects or has been deposited onto the floodplain is a distinction that requires knowledge 
of where and how this crossover is occurring (Cristol et al., 2008). 
Because contaminated spiders appear to be a primary source of MeHg for the 
terrestrial food web, the operative question becomes: what is the dietary source of 
mercury for these spiders? This is not simply a trivial question intended to continue 
mapping out the food web down to phytoplankton and beyond. Rather, it can establish 
whether emerging aquatic insects are carrying this tremendous biomass of mercury into 
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the terrestrial food web, and in doing so it could identify the critical link between the 
terrestrial web and the South River itself. Ultimately, if remediation such as capping or 
dredging is to be considered, the location of bioavailable MeHg must be localized to the 
river sediment itself or the floodplain. If it is located inside the river, remediation efforts 
can focus on the channel or shoreline. However, if the origin is in floodplain soil, such 
remediation efforts would not be an effective strategy in preventing the spread of dietary 
MeHg into the terrestrial food web (Wang et al., 2004). 
 
iv  Linking	  Predator	  to	  Prey	  	  
a. Spatial	  subsidy	  from	  the	  South	  River	  
By attempting to link emerging aquatic insects from the South River to their 
potential predator (terrestrial spiders), this thesis addresses a question of spatial subsidy, 
the flow of energy, organisms, nutrients, or pollutants from one habitat to another 
(Burdon and Harding, 2008). In the past, such a flow was considered overwhelmingly to 
occur from a terrestrial riparian system to the stream running through it. More recently, 
though, investigations into the interface between rivers and their surrounding terrestrial 
habitats suggest that productive aquatic habitats can provide a substantial degree of 
subsidy toward the terrestrial habitat (Ballinger and Lake, 2006). Analyses of various 
stream/terrestrial interfaces have identified the emergent aquatic insect order 
Ephemoptera (mayflies) as the dominant contributor to biomass moving out of the river 
and into the terrestrial habitat. Furthermore, a positive relationship has been identified 
between emergent insect biomass and terrestrial invertebrate predator density—namely, 
the density of arachnid predators (Burdon and Harding, 2008).  
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Mayflies and their periodic emergences have been implicated before as an 
important high-density biomass source for terrestrial predators including spiders 
(Henschel et al., 2001). These studies present the possibility that terrestrial spiders living 
beside the South River could be preying on emerging mayflies. Such mayflies have been 
shown to have elevated mercury levels in a study collecting food boluses, where two of 
the four most contaminated boluses collected from nestling birds were composed only of 
Ephemopterans. These mayflies were not separated for the purposes of individual 
mercury analysis, but clearly played a heavy role in the subsidy of mercury being carried 
out of the South River, composing 22% of all collected food boluses (Brasso and Cristol, 
2008). 
 
b. The	  biology	  of	  mayflies	  
The insect order Ephemoptera (mayflies) has a poor fossil record, but it dates 
back to the Carboniferous and Permian periods, representing the most ancient flying 
insects that we see today. Mayflies are also distinct in being the only flying insects with 
two adult forms, the subimago, and the imago (the fully mature, mating form). Composed 
of about 2000 different species and 200 genera, mayflies live in freshwater and 
occasionally brackish habitats throughout most of the world. They spend the majority of 
their lives as an aquatic nymph (larva), a period which ranges from 3 weeks to 2.5 years 
depending on the species. Amazingly, once a mayfly nymph undergoes the molt into the 
flying subimago form, in a process known as emergence, it only has between 1 hour and 
a few days to live (depending on the species)—an ephemeral adult life indeed (Brittain, 
1982). However, periods of emergence can be a tremendous display of stream-to-
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terrestrial subsidy; nymphs molt into adults and fly above the water, often in relative 
synchrony, to form large swarms for the sole purpose of mating. Synchronous periods of 
emergence can result in such masses of insects as to block bridges nearby emergent 
streams until a snowplow or similar equipment is available to move them aside (Edmunds 
et al., 1978).  
Mayfly nymphs are mostly herbivorous, feeding on periphyton and particulate 
organic matter either by scraping it from rocks and organic surfaces, or by filter feeding. 
The only known omnivorous genera include Isonychia, Siphlonurus, Stenonema, and 
Ephemera (Brittain, 1982). Nymphs occupy a variety of different habitats, concurrent 
with various morphological differences. These can range from the flattening of some 
species’ legs in order to facilitate their burrows into layers of silt, to the flattened bodies 
of species living on the underside of rocks, protecting them from predation (Berner and 
Pescador, 1988). It is during these nymphal stages that the absorbance of dietary MeHg 
from the South River would occur, since the majority of their lives are spent feeding in 
the river. As previously mentioned, the subsidy from mayfly emergence via the adult 
form represents a huge transfer of biomass into the terrestrial environment, but mayfly 
nymphs are prey for many aquatic organisms as well, including stoneflies, trout 
(McIntosh and Peckarsky, 1999), caddisflies, dragonflies, and beetles (Brittain, 1982).  
Perhaps the chief defense from predation of adult subimago and imago mayflies is 
their often-synchronized pattern of mass emergence. Adults are particularly vulnerable to 
predation, as they emerge relatively slowly from their body of water, stopping on a 
structure such as a rock or tree to molt, and flying again relatively slowly toward the 
swarms in which they mate. The adult life stages are clearly optimized for mating and 
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deposition of eggs; adult mouthparts are non-functional and male forelegs are greatly 
lengthened for the purpose of grasping and holding females. Mating swarms, and the 
mayflies en route to them, are a documented food source for many predators, such as 
dragonflies, birds, amphibians, bats, and spiders (Brittain, 1982). Spiders have been noted 
as important and abundant mayfly predators along streams. Remains of both subimago 
and imago adults have been found in copious amounts within spider webs, and non-web 
weaving spiders such as Lycosids presumably play a large role in their predation as well 
(Berner and Pescador, 1988).  
 
c. The	  biology	  of	  wolf	  spiders	  
The present study focuses on the predatory habits of terrestrial, non web-weaving 
spiders of the family Lycosidae, because these constitute the majority of spiders collected 
from birds at the South River (Pers. Comm., D. Cristol). Also called wolf spiders, this 
family of insects contains over 2,200 species ranging throughout much of the world. 
Wolf spiders are known as ambush (sit-and-wait) predators and are well recognized for 
their distinct eye arrangement, with four uniformly small anterior eyes in a row, 
underneath a large pair of posterior median eyes, which is then underneath two more 
posterior lateral eyes. Females are easily spotted for the characteristic attachment of a 
large egg case to their spinnerets, which they carry around for weeks until the spiderlings 
are ready to hatch. Once the female opens the egg sac, the spiderlings climb in multiple 
layers upon her abdomen and ride on her body until their first molt (Foelix, 1996). 
Studies of wolf spider life cycle dynamics have found that hatching of egg sacs occurs in 
mid-summer, and the young spiders go through multiple instar stages and a sub-adult 
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stage for the next 20 months. By this time the spiders have overwintered twice and have 
become adults. Males generally live until early/late June, whereas females persist until 
late September (approximately two years of life for males and females). These time-spans 
represent averages, because the timing of life cycle events has a considerable amount of 
variability depending on a host of environmental factors (Buddle, 2000). Importantly, 
these life cycle dynamics indicate that newly molted adult wolf spiders are experiencing a 
large increase in feeding and activity during the summer, coinciding with many mayfly 
emergence periods. Therefore, it is plausible that mayflies could be an important prey 
source for these spiders (Edgar, 1971). 
Wolf spiders vary widely in their predation habits; some smaller species are 
wanderers, while the larger tend to utilize an ambush style, and many of the latter 
construct burrows from which they emerge to hunt (Hillyard, 2008). It appears that most 
wolf spiders do not wander very far over moderate periods of time; the majority of 
studied wolf spiders living near a pond did not venture farther than 1 meter during a five-
week period, although some could be found moving as much as 7 meters. Prey 
distribution is thought to significantly influence these spider ranges (Ahrens and Kraus, 
2006). Wolf spiders are generalist predators and are known to eat a huge variety of prey 
of comparable or smaller size to their body, including grasshoppers, beetles, crickets, 
worms, aphids, and caterpillars (Blueberry, 2002). Predation of other spiders, including 
those from their Lycosid family, is not uncommon, and they have been observed eating 
multiple spiders from different families as well (Woodward, 1943). Some Lycosids 
including the genus Pirata commonly walk over water surfaces to hunt insects or small 
fish (Foelix, 1996).  
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When hunting, wolf spiders depend heavily on their tactile senses, detecting the 
movement or wing vibration of a potential prey item nearby (Foelix, 1996). Vision is also 
a very important sense during hunting, and the relatively large eyes of a wolf spider allow 
it to see prey at distances of up to 10 cm (Hillyard, 2007). While color vision is 
debatable, their eyes are specialized for different directions of sight and wavelengths of 
light. The “principle” inner pair of anterior-most eyes which form a row are highly 
sensitive to ultraviolet wavelengths, while all other eyes are sensitive only to “visible” 
light of about 510 nm (DeVoe et al., 1969). Wolf spiders have a thin-film tapetum, a 
layer within the eye which functions to reflect maximum light toward the photoreceptor 
cells, and in doing so reflects this 510 nm light outward. When a bright source of light is 
shined in the direction of a wolf spider’s eyes at night, deep emerald-green points of light 
are reflected back, corresponding to this wavelength of 510 nm (Schwab et al., 2002). 
Although wolf spiders are well-adapted hunters, they are also adapted to long 
periods of starvation. The spider Lycosa lenta was found to survive for 208 days without 
food, and exhibited a 40% reduction in metabolic rate with no observed loss of normal 
functionality (Anderson, 1974). This ability allows wolf spiders to live at substantially 
lower metabolic rates than other poikilothermic animals of comparable body mass 
(Greenstone and Bennett, 1980). Literature regarding the kinetics of spider digestion is 
scarce, but their metabolic abilities suggest that wolf spiders may also be able to decrease 
digestion rate during periods of scarcity, effectively increasing the retention of prey in 
their gut. 
 
 
Northam	   29	  
d. Molecular	  techniques	  for	  the	  study	  of	  predator-­‐prey	  interaction	  
The identification of spider prey items has been attempted using many different 
techniques. The study of “predatory potential”, whereby a starved spider would be placed 
in a terrarium and observed to see if it attacked a potential prey item, was dismissed for 
multiple reasons. The generalist feeding style of Lycosids prevents such a determination 
from being very meaningful, and terrariums usually are not reflective of actual 
environmental conditions. Therefore, molecular techniques were adopted for the purpose 
of identifying prey items amongst the gut contents of spiders after feeding. The use of 
prey-specific monoclonal antibodies was successful due to their high sensitivity and 
potentially extreme specificity. Some monoclonal antibodies were even designed for 
instar-specific prey life stage assessment (Greenstone, 1999). However, this technique is 
costly and time-consuming, especially when the identification of multiple potential prey 
items is desired. Because of these issues, and the growing availability of DNA sequence 
information on Internet databases such as GenBank, use of the polymerase chain reaction 
(PCR) to identify prey DNA has become a favored approach (Sheppard and Harwood, 
2005). 
The effort to find regions of DNA among invertebrate (and vertebrate) genomes 
that contain reliable and unique taxonomic information has been called taxon 
“barcoding”. After assessing nuclear and mitochondrial DNA as potential target regions 
for such a barcode, the latter (mtDNA) has been overwhelmingly favored (Hebert et al., 
2003). Mitochondrial DNA is favored for a forensic technique such as prey DNA 
identification because of the many (100-1000+) copies in each cell relative to the single 
nucleus and its genomic DNA (King et al., 2008). Since prey DNA has likely been at 
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least partially digested and degraded, high copy number of the target sequence is vital for 
improving the chance of its recovery via PCR-based techniques. Additionally, mtDNA is 
less prone to recombination events, and lacks intronic regions when compared to nuclear 
DNA. Some barcoding studies have targeted mitochondrial DNA that encodes ribosomal 
RNA (rRNA), but these ribosomal genes contain a relatively large amount of insertion 
and deletion (indel) events. Analysis of prey DNA and design of methods to target it 
usually require the alignment of multiple DNA sequences, and this is made difficult when 
the sequences are shifted as a result of indels. Mitochondrial protein-coding genes have 
been used frequently for the combination of conservation (less variation), yet enough 
variation in certain regions to make species-specific targets possible. In particular, the 
cytochrome c oxidase I (COI) gene has shown such a favorable balance, providing useful 
taxonomic information across major animal phyla, including many invertebrate taxa 
(Hebet et al., 2003). 
Folmer et al. (1994) have developed two DNA primers which have been 
identified as a “universal” invertebrate primer pair, for their ability to amplify part of the 
COI gene from over 11 different invertebrate phyla using PCR. These primers are used to 
amplify the “Folmer fragment”, an approximately 710 bp region of the COI gene that has 
proven to be highly useful in DNA barcoding. The taxonomic use of this fragment has 
been tested extensively on spiders, correctly identifying 100% of 168 spider species in 
one particular study, including Lycosids (Barrett and Hebert, 2005). Although COI 
profiles for mayflies are fewer in number on GenBank, two such mitochondrial genomes 
have been fully sequenced (Zhang et al., 2008; Hong et al., 2009). The number of COI 
profiles continues to grow as more studies utilize their potential for phylogeny 
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reconstruction. Recently, morphologically cryptic mayfly taxa were shown to be easily 
differentiable via molecular identification with the Folmer fragment, demonstrating the 
taxonomic power of this genetic tool. With the availability of wolf spider and mayfly 
COI sequences and the ability for one to sequence them at will, it is theoretically possible 
to design mayfly-specific primers in this DNA region for the purpose of identifying 
mayfly DNA amongst spider gut contents. 
 
 
v Specific	  Aims	  of	  Research	  
	  
	   The biological implications of mercury release in an aquatic ecosystem are well 
studied, tracing a path of increasing MeHg concentration as it is biomagnified from 
primary producers up to predators. Studies of mercury toxicity in the South River have 
revealed many negative effects in predators within both the aquatic and terrestrial food 
webs. However, the link between these food webs is in question. If mayflies can be 
shown to be a prey item for contaminated terrestrial wolf spiders, their huge quantity of 
biomass emerging annually from the river can be directly traced into the terrestrial 
environment. If the path of mercury can be identified in this way, the source of mercury 
contamination can be localized to the sediment of the river itself, rather than the 
floodplain. Localizing the contamination to the river or floodplain is crucial to future 
bioremediation attempts. The goals of this thesis, investigating whether terrestrial spiders 
are eating mayflies, are listed below. 
	  
Northam	   32	  
a. Test	  Folmer’s	  primers	  on	  wolf	  spider	  and	  mayfly	  samples	  from	  the	  South	  
River	  
b. Assess	  genetic	  diversity	  /	  homology	  between	  wolf	  spider	  and	  mayfly	  samples	  
within	  the	  Folmer	  fragment	  (mtDNA)	  
c. Design	  mayfly-­‐specific	  PCR	  primers	  to	  amplify	  a	  region	  within	  the	  Folmer	  
fragment	  
d. Test	  the	  digestion	  time	  of	  fed	  wolf	  spiders	  to	  establish	  when	  mayfly	  DNA	  can	  
no	  longer	  be	  feasibly	  amplified	  
e. Apply	  mayfly-­‐specific	  PCR	  primers	  to	  the	  gut	  contents	  of	  a	  large	  group	  of	  
spider	  samples	  caught	  during	  mayfly	  emergence,	  and	  identify	  the	  presence	  
or	  absence	  of	  mayfly	  mtDNA	  
	  
	  
	  
Materials	  and	  Methods	  
i. Collection	  of	  Samples	  
	  
a. Summer	  2008	  
	   Between June 5 and June 11, 2008, mayfly and spider samples were collected 
from the South River, a tributary of the Shenandoah River in Virginia. Four spiders were 
collected after 10 pm within 100 meters of the river, at the Augusta Forestry Center 
(Northing 4226963.95026, Easting 687432.70622; UTM coordinate system). The spiders 
were collected between grasses and under foliage, and identified using a flashlight aimed 
parallel to eye level. Emerald-green points of light could be seen fixed in place, which 
would occasionally move, and these generally were the result of wolf spider eye 
reflections. Dewdrops throughout the grass also reflected light which appeared green, but 
spider eyes were differentiable from these largely on the basis of movement. Collected 
spiders were placed in type I borosilicate glass vials (15 x 45 mm or 29 x 65 mm, Fisher, 
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Pittsburg PA) with plastic lids. Two of the four spiders were frozen at -20˚ C less than 4 
hours after collection, and two were held at room temperature and placed into feeding 
experiments, described further below. 
 Mayfly nymphs were collected during the day, at sites along the South River 
between 1 km upstream and downstream of Grottoes State Park (Northing 
4239466.19566, Easting 689446.66625). Collection was accomplished by overturning 
rocks near the water surface and removing the nymphs from the rock surfaces with 
tweezers. Nymphs were placed into type I borosilicate glass vials (15 x 45 mm) with 
plastic lids and were frozen at -20˚ C less than 6 hours after collection. In total, 13 insect 
larvae appearing to be mayfly nymphs were collected. Additionally, three adult mayflies 
were taken from a swallow food bolus as the bird arrived in its nest box. One of these 
mayflies was frozen at -20˚ C less than 3 hours after collection, and the other two were 
kept at room temperature for feeding experiments. 
	  
b. 	   Summer	  2009	  
	   Spiders and mayflies were collected at sites in and along the South River from 
May 19 to May 22, 2009. Spiders were collected at night between the hours of 9 pm and 
1 am from three different sites along the river: (Augusta Forestry Center, Grottoes State 
Park, and “Dubai” (Northing 4227382.43546, Easting 688112.74467). Using headlamps 
and flashlights held parallel to eye level, spiders were located at distances less than 50 
meters from the riverbank. Spiders were placed into either type I borosilicate glass vials 
with plastic caps (29 x 65 mm), or polypropylene scintillation vials (28 x 61 mm, Fisher, 
Pittsburg PA). A small sample of spiders (9) was kept at room temperature for feeding 
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experiments. Aside from these 9, a total of 66 spiders were collected from the Augusta 
Forestry Center site, and 12 spiders were collected from the Grottoes site. Each of these 
spiders was frozen at -20˚C less than 5 hours after collection. From the Dubai site, 32 
spiders were collected and were frozen 25-28 hours after collection at     -20˚C. Less than 
72 hours after collection, the masses of all spiders were measured (wet weight). 
 Adult mayflies were collected from within 1 km upstream and downstream of two 
sites (Grottoes State Park, and Dubai). Both subimago and imago adults were caught 
during periods of visible emergence, within the hours of 4 pm to 8 pm. Areas of high 
emergence were usually identified near riffles in the river, where stream velocity and 
turbulence increased. Once adults were located flying above the river surface, they were 
captured in butterfly nets and placed into either type I borosilicate glass vials with plastic 
caps (15 x 45 mm), or plastic scintillation vials. Of the collected mayflies, 12 were kept 
at 4˚C for feeding experiments, and the remainder (74 mayflies) was frozen within 5 
hours of collection at -20˚C.  
 
ii. Spider	  Feeding	  Trials	  
	  
a. Summer	  2008	  
	   Two spiders were collected from the Augusta Forestry Center for use in spider 
feeding trials. Terrariums were constructed from empty glass 38-liter fish tanks and 
cardboard lids, and filled with grass and leaves. Next, a spider was placed in the terrarium 
and allowed to equilibrate to its surroundings for 30 minutes. A dead adult mayfly from a 
swallow food bolus was then lowered into the tank. The mayfly tail filaments were 
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adhered to a short (12 cm) length of transparent fishing line, allowing the mayfly to be 
articulated and placed near the spider. In both cases, the spiders required little time or 
visual/physical stimulation before they attacked the mayfly. Four hours was allowed to 
pass for digestion time, and the spider was then collected and frozen at -20˚C for 
approximately 5 minutes. Next, the frozen spider was quickly dissected under a 
dissection microscope with sterile scalpel blades and tweezers. The abdomen was 
bisected from the cephalothorax, and all legs were removed. The cephalothorax, 
abdomen, and legs were placed into separate sterile 1.5 ml Eppendorf microcentrifuge 
tubes (Eppendorf, New York NY) and immediately frozen at -20˚C. This procedure was 
repeated for the second spider and adult mayfly, and instruments were ethanol and flame 
sterilized between dissections.  
	  
b. Summer	  2009	  
               Nine collected spiders (held at room temperature) were placed into separate 
feeding trials with live mayflies, held at 4˚C. The mayflies were allowed to equilibrate to 
room temperature for 30 minutes before feeding trials began. Each spider was placed in a 
separate plastic terrarium (approximately 7 liters), filled with grass and leaves, and 
allowed 30 minutes to adjust to its surroundings. Then, a live mayfly was placed into the 
box. The spider was allowed to attack and eat the mayfly, then 30 minutes after feeding 
behavior had ceased, the terrarium was carefully moved into a darkened room for the 
appropriate period of digestion to occur. The digestion times carried out were as follows: 
3 hr, 4 hr, 4 hr, 10 hr, 11 hr, 12 hr, 12 hr, 24 hr, 24 hr. After each digestion time, the 
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spider was collected into an empty type I borosilicate glass vial with plastic cap and 
immediately frozen at -20˚C. 
 
iii. Dissection	  and	  DNA	  extraction	  
	  
a. Feeding	  trial	  spiders	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Spiders frozen from feeding trials were quickly and individually removed from 
their containers onto a sterile aluminum foil workspace. First, the abdomen was bisected 
from the cephalothorax. Next, each leg posterior to the most anterior pair was removed at 
the juncture between the patella and femur. The remaining leg segments (coxae) for these 
legs were then removed. The abdomen, cephalothorax, legs, and coxae were placed into 
separate sterile polystyrene culture tubes with plastic caps (17 x 100 mm, Fisher, 
Pittsburg PA). These culture tubes were then filled with 1.4 ml Buffer ASL (QIAGEN, 
Valencia CA). A new sterile Omni hard tissue plastic homogenizer probe was attached to 
an Omni TH Tissue Homogenizer (Omni International, Kennesaw GA), and the tip was 
inserted into the culture tube. A 3 cm by 10 cm piece of Parafilm M (SPI Supplies, West 
Chester PA) was stretched around the homogenizer probe and the culture tube to form a 
seal. The contents were then homogenized for 1-2 minutes at speeds varying between 
5,000 and 35,000 rpm to minimize bubble formation. The homogenizer probe was 
removed and the culture tube was sealed and allowed to incubate at room temperature for 
30-60 minutes. Each culture tube was homogenized with a new sterile probe. 
 After homogenizations were completed, the contents of the culture tubes were 
transferred to separate sterile 2.0 ml Eppendorf tubes. DNA extraction was carried out 
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using a QIAGEN DNA Stool Mini Kit according to the manufacturer’s specifications for 
the “Stool Pathogen Detection” procedure, with two exceptions. Proteinase K digestion 
time was increased to 15 minutes, and water bath incubation temperature during this 
digestion was increased from 70 to 75˚C.  Extracted DNA was eluted into 200 µl Buffer 
AE (QIAGEN) and assessed for purity and concentration using a Nanodrop ND-1000 
UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham MA). DNA extraction 
eluate was then stored at -20˚C.  All dissection instruments (tweezers) were thoroughly 
cleaned with soap and warm water, rinsed with distilled water, then soaked in 6% w/v 
hypochlorite bleach for 15 minutes at room temperature and rinsed again with distilled 
water.  
 
b. Non-­‐feeding	  trial	  spiders	  
 Non-feeding trial spiders were individually removed from -20˚C storage and 
dissected on sterile aluminum foil workspaces with new sterile scalpel blades and sterile 
dissection tools. The cephalothorax was bisected from the abdomen, and the abdomen 
was placed in a sterile polystyrene culture tube (17 x 100 mm). The cephalothorax was 
placed back into the original storage tube and re-frozen at -20˚C. Next, a new sterile 
Omni hard tissue homogenizer probe was used for homogenization, and DNA extraction 
procedures were carried out as stated above for feeding-trial spider samples using a 
QIAGEN DNA Stool Mini Kit. DNA eluate was assessed for purity and concentration, 
and dissection tools were sterilized, as listed above.  
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c. Mayflies	  
	  	  	  	  	  	  	  	  	  	  	  	  Mayfly nymph and adult samples from Summer 2008 were removed from frozen 
storage and placed into sterile polystyrene culture tubes (17 x 100 mm). 1.4 ml Buffer 
ASL was added to the tube, and the contents were homogenized using a Tissuemiser 
tissue homogenizer with stainless steel probe (Fisher Scientific, Waltham MA). Parafilm 
M was used to seal the tube to the homogenizer probe as specified above, and 
homogenization was carried out for 1-2 minutes between 5000 and 35,000 rpm. The 
homogenate was allowed to incubate at room temperature for 30-60 minutes, and was 
then transferred to separate 2.0 ml Eppendorf microcentrifuge tubes. DNA extraction was 
carried out with a QIAGEN DNA Stool Mini Kit with the protocol and exceptions listed 
above. The stainless steel homogenizer probe was cleaned with soap and water, rinsed 
with distilled water, then sterilized with 70% ethanol. 
 Adult mayfly samples from Summer 2009 were individually removed from frozen 
storage and placed onto a sterile aluminum foil workspace for dissection. Legs, wings, 
and tail filaments were removed, and the remaining body was placed into a sterile 
polystyrene culture tube (17 x 100 mm). The tube was then filled with 1.4 ml Buffer 
ASL, and homogenization was performed with a sterile Omni hard tissue homogenizer 
probe attached to an Omni TH tissue homogenizer with Parafilm M seal and 
homogenization parameters as listed above. DNA extractions were carried out as listed 
above. Plastic homogenizer probes were recycled during these adult mayfly extractions 
by thorough washing in warm soap and water, rinsing with distilled water, soaking in 6% 
w/v hypochlorite bleach for 30 minutes at room temperature, and rinsing again with 
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distilled water. DNA eluate was assessed for purity and concentration, and dissection 
tools were sterilized, as listed above.  
 
iv. PCR	  Concentrations	  and	  Parameters	  
	  
a. PCR	  with	  Folmer	  Primers	  
	  	  	  	  	  	  	  	  	  	  	  	  	  For amplification of invertebrate mtDNA, Folmer’s universal invertebrate 
primers were utilized (LCO1490: 5'-GGTCAACAAATCATAAAGATATTGG-3'; 
HC02198: 5'-TAAACTTCAGGGTGACCAAAAAATCA-3'; Folmer et al., 1994). These 
primers are designed to amplify a fragment of the mitochondrial cytochrome c oxidase I 
gene, between 651 and 710 bp in length. PCR contents were assembled in a separate 
laboratory area from the DNA extractions in order to minimize potential cross-
contamination. Reactions were 50 µL each in total volume, within 0.2 ml sterile ultra-thin 
wall plastic strip tubes and dome caps (Genesee Scientific, San Diego, CA).  
 Before each group of PCRs was run, 8-reaction master mixes were freshly made 
containing Herculase II Reaction Buffer (Agilent, Santa Clara CA), dNTPs (Promega, 
San Luis Obispo CA), primers (listed above, IDT, Coralville IA), and Herculase II DNA 
polymerase (Agilent). 12.5 µL master mix was added to 45 ng template DNA in each 
reaction, diluted into sterile double-deionized water filtered by a Nanopure ultrapure 
water system (Thermo Fisher Scientific, Waltham MA) to bring the reaction volume to 
50 µL. Reagents were diluted to achieve the following concentrations in each reaction: 
Herculase II Reaction Buffer (1X); dNTPs (200 µM each); primers (0.5 µM each); 
Herculase II DNA Polymerase (1 µl). Reactions were loaded into a BioRad iCycler 
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thermocycling platform (BioRad, Hercules CA). Cycling times were as follows: initial 
denaturation at 95˚C for 2:00 minutes, 36 cycles of denaturation at 94˚C for 00:30, 
annealing at 49˚C for 00:30, and extension at 72˚C for 2:00 minutes. Lastly, final 
extension was carried out at 72˚C for 8:00 minutes. PCR products were stored at -20˚C.  
 
b. PCR	  with	  Mayfly-­‐Specific	  Primers	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Mayfly-specific primers were designed in order to amplify an approximately 199 
bp fragment of the mitochondrial cytochrome c oxidase I gene, specific to 
Ephemopterans. This fragment lies within the Folmer fragment (Figure 1). The forward 
and reverse primers are designated as (M1WN-F: 5'-
AGTATAGTDGAAAGAGGRGCTGG-3'; M1WN-R: 5'-
GGAATWCGATCCATWGTTATTCC-3'). Primer sequences are represented using 
universal degenerate nucleotide code, as M1WN-F contains 6-fold degeneracy, and 
M1WN-R contains 4-fold degeneracy. Mayfly-specific primers were prepared in 
equimolar concentrations and purified using HPLC (IDT). PCR with mayfly-specific 
primers was carried out using the same reagent concentrations and materials as listed 
above (with the exception of the primers themselves). Master mix and dilution 
preparations were carried out in an Airclean AC600 PCR Hood (Raleigh, NC) to prevent 
DNA cross contamination. UV light was used to decontaminate the workstation surfaces 
and micropipettes for 15 minutes before every usage.  Thermocycler parameters were the 
same as those listed above, except the annealing temperature, which was set to 55˚C 
instead of 49˚C. Storage temperature was also -20˚C. 
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Figure	  1:	  Locations	  of	  PCR	  amplification	  within	  the	  mayfly	  
mitochondrial	  genome	  
	  
The sequenced mitochondrial genome of a mayfly (adapted from Zhang et al., 2008) is shown above, along 
with the cytochrome c oxidase I (COI / cox1) gene (red) where the Folmer fragment (green) is located. The 
Folmer fragment was located using a BLAST2seq nucleotide alignment of a sequenced mayfly from the 
South River. The nucleotide positions of the Folmer fragment are shown in a linearized form below the 
genome, along with the novel mayfly-specific fragment (blue) amplified by the primers designed in this 
study.  
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v. PCR	  Product	  Visualization	  
	  
a. Agarose	  gel	  electrophoresis	  
	  	  	  	  	  	  	  In order to visualize PCR products, 8-lane agarose gels were made. Each gel was 
1.5% agarose (Sigma, St. Louis MO) in 50 mL TBE. Each lane was composed as 
follows: 4-8 µl PCR product, 1 µl 10X glycerol dye, and 1-5 µl sterile double-deionized 
water. The size standard used was 10 µl Hyperladder II (Bioline, Taunton IA). 
Electrophoresis occurred for 60 minutes at 100V. Gels were stained for 15 minutes with 
Ethidium Bromide (Sigma) at 1 µg/ml and de-stained for 25 minutes in double-deionized 
water. Visualization of the gel occurred under UV transillumination with either a 
Polaroid gel camera (Kodak, Rochester NY), or Gel Logic 112 Digital Imaging system 
(Carestream Health, Rochester NY). Global brightness and contrast adjustments and 
labeling were performed with Photoshop CS4 software (Adobe, San Jose CA). 
	  
b. Agilent	  2100	  electrophoresis	  	  	  	  	  	  	  	  	  	  	  	  	  	  PCR Products from mayfly-specific PCR runs on spiders collected in Summer 
2009 were visualized using an Agilent 2100 Bioanalyzer (Agilent). A DNA-1000 on-chip 
electrophoresis kit was used, with sizing ranging from 25-1000 bp (Agilent). The kit was 
used according to the manufacturer’s specifications, and 1 µl undiluted PCR product was 
loaded into each of the 12 sample lanes per DNA-1000 chip. The Bioanalyzer electrodes 
were cleaned after every run using sterile double-deionized water. Sizing and 
quantification of DNA concentrations were done using the 2100 Expert software package 
(Agilent). Default software settings were used for the waveform integrator, except the 
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sizing threshold, which was set to 10 fluorescence units (FU). Any waveforms below 2 
FU in height were considered to be negligible due to background noise. 
 
vi. PCR	  Cleanup	  and	  DNA	  Sequencing	  
	  
a. PCR	  Cleanup	  and	  DNA	  sequencing	  preparation	  
            PCR products were purified using a QIAquick PCR purification kit (QIAGEN) 
according to manufacturer’s specifications, and eluted into 20 µl DNA Elution Buffer 
(QIAGEN). Purified PCR products were assessed for nucleic acid purity and 
concentration using a Nanodrop ND-1000 spectrophotometer and stored at -20˚C. PCR 
products were prepared for sequencing in ultra-thin wall plastic strip tubes with dome 
caps. Each reaction preparation was 12 µl in total volume, containing 50 ng purified PCR 
product, 4 pmoles of each primer (LCO1490 and HC02198 for the Folmer fragment or 
M1WN-F and M1WN-R for the mayfly-specific fragment) and sterile double-deionized 
water. PCR products were sequenced in the forward and reverse directions at Yale DNA 
Analysis Facility (New Haven CT). Big Dye Terminator 3.1 cycle sequencing chemistry 
(Applied Biosystems) was used, with 1/8 chemistry overall. Thermocycling was set to 80 
cycles for maximum read length, and products were purified with Sephadex Dye 
Terminator Removal plates (Amersham, Piscataway NJ). Sequencing reaction products 
were run on an Applied Biosystems 3730xl DNA Genetic Analyzer (Carlsbad, CA), 
using maximum injection time. Raw sequencing data was post-processed by Peaktrace 
software (Nucleics, Victoria, Australia).  
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vii. 	  Sequence	  Alignment	  and	  Primer	  Design	  
	  
a. Sequence	  editing	  and	  alignment	  
	  	  	  	  	  	  	  	  	  	  	  	  Post-processed DNA sequence reads were received in ABI (.ab1) format as 
chromatograms. Sequences were analyzed to screen for base-calling errors and were 
trimmed at the beginning and end in order to remove any ambiguity in base 
identification. FinchTV software (Geospiza, Seattle WA) was used to view and edit 
chromatograms. Trimmed sequences were then imported into CLC DNA Sequence 
Viewer or CLC Main Workbench software (CLC Bio, Cambridge MA). Trimmed 
sequences were aligned using the following parameters: (gap open cost=50; gap 
extension cost=1). Alignments were formatted as ClustalW files for subsequent analysis 
including primer design. Phylogeny reconstructions were performed using the Neighbor 
Joining algorithm, with 100 bootstrap replicates. 
 
b. Receiving	  and	  interpreting	  output	  from	  BLAST	  
           To identify the organisms represented by acquired DNA sequences, NCBI 
GenBank was queried with the nucleotide sequences in question. The BLASTn program 
(Basic Local Alignment Search Tool, for nucleotide queries) was used in order to query 
GenBank. The sequence match with the highest score (e.g. the best alignment to the 
query sequence) was used for taxonomic identification. Accession numbers represent 
unique identifiers for accessing the database sequences in their entirety. “E” represents 
the expectation value—the significance, or probability that an alignment with the same or 
greater score could occur by chance. Query coverage refers to the percent of the query 
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sequence which was included in the alignment as shown. Lastly, “Max ident” represents 
the percentage of the alignment containing identical nucleotides in both the query and 
database sequence (http://www.ncbi.nlm.nih.gov/staff/tao/URLAPI/new_view.html). 
 
c. Primer	  design	  
	  	  	  	  	  	  	  	  	  	  	  	  Group-specific PCR primers were designed using the freely available Amplicon 
software package (Jarman, 2004). Clustal DNA sequence alignments were imported into 
Amplicon, and degeneracy sequences were generated for target (mayfly) and excluded 
(spider) groups. Degeneracy sequences were then aligned and visually inspected for 
potential primer locations (minimal degeneracy and maximum divergence from the 
excluded group). After potential primer locations were identified, each location was 
assessed on the basis of: primer length, amplicon length, thermodynamics (%GC, melting 
temperature), 3’ GC clamp, mononucleotide runs, false priming in the target or excluded 
groups, self-compatibility, and secondary structure potential.  
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Results	  
i. Summer	  2008:	  	  
	  
a. Amplification	  of	  mayfly	  and	  spider	  samples	  
              Of 13 larvae collected during Summer 2008, 8 were confirmed to be mayfly 
nymphs via morphological identification with a dissection microscope. The remainders 
were identified as other aquatic larvae including caddisflies (Order Trichoptera) and 
damselflies (Order Odonata) and were discarded. DNA extraction did not show high 
yields for organisms as small as mayfly nymphs; average DNA concentration was 12.1 
ng/µl; st. dev. = 11 ng/µl. PCR was attempted using Folmer primers, and 7 of these 8 
mayfly nymphs yielded enough amplified DNA for sequencing. DNA from one adult 
mayfly from an avian food bolus was also amplified. However, PCR inhibition was 
identified as a significant detriment to the amplifications. Reactions testing gradually 
increasing amounts of DNA template consistently resulted in a maximum level of 
amplification, after which amplification levels declined with increasing DNA template 
amount, far below the manufacturer’s recommended amounts (Figure 2). This inhibition 
was consistent with all mayfly and spider samples amplified, and maximum amplification 
appeared to be sample-specific, usually differing up to 5 ng greater or lower than 45 ng 
per reaction. 
 Since each of the two spiders involved in feeding trials during Summer 2008 were 
dissected into separate abdomen, cephalothorax, and leg samples, a total of six spider 
samples were amplified using Folmer primers. Additionally, two spider abdomen samples  
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Figure	  2:	  PCR	  inhibition	  with	  increasing	  DNA	  template	  concentration	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
PCR products are shown above, using Folmer primers with six increasing DNA template 
concentrations. A Mayfly nymph (sample 12A-2A-F) DNA elution was used. L: DNA ladder 
(size standard). Numbers above each lane denote DNA template amount in ng per reaction; H2O: 
negative control reaction with no DNA template. All PCR products are consistent with Folmer 
fragment size (650 – 710 bp). No amplification is seen in lane 3, but all other lanes show a 
progressive decrease in amplification as DNA template concentration increases. This gel is a 
representative example of PCR inhibition across amplified mayfly and spider samples. 
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were amplified which were not involved in feeding experiments. Average DNA 
concentration from spider extractions was 36.7 ng/µl; st. dev=53.1 ng/µl. 
 
b. Sequencing	  and	  analysis	  of	  mayfly	  and	  spider	  samples	  
 All PCR products from mayfly and spider samples which yielded enough DNA 
for sequencing were purified and sequenced in the forward and reverse directions 
according to the Materials and Methods. Trimmed DNA sequences were queried in the 
NCBI GenBank non-redundant nucleotide database, using the Basic Local Alignment 
Search Tool for nucleotide queries (BLASTn) with the “megablast” algorithm. Out of 
seven sequenced mayfly nymphs, three different genera were identified (Isonychia, 
Maccaffertium, and Stenonema). However, three of the sequences matched the database 
with comparably low maximum identity (90%, 89%, 89%; Table 1). Stenonema and 
Maccaffertium were the two best database matches to these sequences, but these 
disparities of approximately 10% from the mayfly nymph query sequence suggest a 
strong possibility of a different species or genus, for which sequence information was not 
available in GenBank. As a further indication of the need for additional mayfly sequence 
information in GenBank, the sequences matched to genera Stenonema and Maccaffertium 
were also informative to the species level (mediopuncatum and terminatum, 
respectively), but no species-level information was available for the Isonychia genus.  
 All spider DNA matches (Table 2) from Summer 2008 represented a high 
coverage rate (nearly all spider mtDNA sequences matched in their entirety), and a high 
percent identity (94%) for all samples, indicating that the wolf spiders likely belong to 
the genera Schizocosa or Rabidosa as listed. The six-percent disparity in sequence  
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  Table	  1:	  BLAST	  results	  from	  Summer	  2008	  collected	  mayflies	  
 
	  
 
 
 
 
 
 
 
 
 
 
Results are shown above for NCBI BLAST matches to mayfly nymph and adult (Order 
Ephemoptera) DNA sequences amplified from samples collected during Summer 2008. All 
sequence matches have very high likelihood of relation to the collected organisms (E=0). Query 
sequences were well-covered (>95%) in the COI mtDNA sequences available on GenBank, and 
identity between the query and database sequences were high except for three mayfly sequences 
(S6-MA-F, 12A-2A-F, 12C-2A-F). These three matches may be weaker because of a lack of 
sequence information appropriate for the collected mayfly genus or species.  
 
 
 
Sample	  
name	   Accession	   Description	  
Max	  
score	  
Query	  
coverage	  
E	  
value	  
Max	  
ident	  
S1-­‐MA-­‐F	   AY165688.1	   Isonychia	  sp.	   1099	   98%	   0	   99%	  
S3-­‐MA-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	   1090	   96%	   0	   99%	  
S6-­‐MA-­‐F	   GU115408.1	  
Maccaffertium	  
terminatum	  	   815	   100%	   0	   90%	  
S8-­‐MA-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	   1068	   96%	   0	   98%	  
11E-­‐2A-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	  	   1068	   97%	   0	   98%	  
12A-­‐2A-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	   771	   96%	   0	   89%	  
13C-­‐2A-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	   787	   95%	   0	   89%	  
19A-­‐F	   AY165688.1	   	  Isonychia	  sp.	  	   1114	   97%	   0	   99%	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Table	  2:	  BLAST	  results	  from	  Summer	  2008	  collected	  spiders	  
 
	  
Sample	  
name	   Accession	   Description	   Max	  score	  
Query	  
coverage	  
E	  
value	  
Max	  
ident	  
14A-­‐2B-­‐F	   EF112511.1	  
Schizocosa	  
bilineata	   968	   100%	   0	   94%	  
16B-­‐F*	   EU271654.1	  
Rabidosa	  
rabida	   953	   100%	   0	   94%	  
18A-­‐F	   EU271654.1	  
Rabidosa	  
rabida	   996	   98%	   0	   94%	  
20A-­‐2A-­‐F*	   EF112511.1	  
Schizocosa	  
bilineata	   968	   100%	   0	   94%	  
21C-­‐2A-­‐F*	   EF112511.1	  
Schizocosa	  
bilineata	   968	   100%	   0	   94%	  
22A-­‐F	   EF112511.1	  
Schizocosa	  
bilineata	   970	   100%	   0	   94%	  
 
 
 
 
 
 
 
Results are shown above for NCBI BLAST matches to wolf spider (Family Lycosidae) DNA 
sequences amplified from samples collected during Summer 2008. All sequence matches have a 
very high likelihood of relation to the collected organisms (E=0). Query sequences were well-
covered (>=98%) in the COI mtDNA sequences available on GenBank, and identity between the 
query and database sequences were high (94% max ident) in every sample. Determination of 
species may not be possible with a percent identity even of 94%, although matches to genera are 
more likely to be accurate. GenBank may not contain enough Lycosidae sequence information to 
identify these samples to the species level. *Three sequences represent spiders that were fed a 
mayfly in the time-trial experiments. 
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identity between the collected spiders and the GenBank matches make species 
identification difficult, and suggest that the database does not contain sequence  
information appropriate for the species of these wolf spiders. 
 
 
 
ii. Mayfly-­‐Specific	  Primer	  Design	  
	  
a. Genetic	  analysis	  of	  collected	  spider	  and	  mayfly	  mtDNA	  
               To assess the potential for mayfly-specific primer design, the level of homology 
must be determined among the mayfly DNA sequences and also among the spiders. 
Then, the level of genetic homology / disparity can be compared between these two 
collective groups. As the BLAST results indicate from DNA sequencing of Summer 2008 
samples, more than one genus is present for both the wolf spiders and mayflies. 
Therefore, a species-specific primer design, by definition, could not cover this level of 
genetic diversity. Multiple pairs of species-specific primers could be used to resolve this 
issue, but such an approach is very time consuming, and can generate a host of problems 
involved with the implementation of multiplex PCR—multiple pairs of different primers 
in use simultaneously in the same reaction (King et al., 2008).  
 “Universal” primers such as those of Folmer cannot be utilized for the 
amplification of prey DNA from predator gut contents, since these primers necessarily 
share homology with both predator and prey DNA. Due to the overwhelming quantity of 
predator DNA relative to semi-digested prey DNA in a predator’s gut contents, the rarer 
prey DNA templates will be missed during the critical first stages of PCR (Jarman, 2004). 
When this occurs, the predator DNA will be preferentially amplified, which can be seen 
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in Table 2 above, in samples 16B-F, 20A-2A-F, and 21C-2A-F. Each of these samples 
contains the gut contents of wolf spiders that were fed mayflies, and yet the prevailing 
DNA sequences are those of the wolf spiders themselves. Ideally, primers would be 
designed which are able to account for the genetic diversity of the target mayfly taxa, 
while simultaneously excluding the genetic diversity of the wolf spider sequences.  
 As Figure 3A shows, conservation within the Folmer fragment is relatively high 
in collected spiders. Only 6 positions between nucleotides 260-300 show divergence from 
the consensus sequence, and each of these positions contains no more than two different 
nucleotides. The level of conservation within the DNA sequences of collected mayflies 
(Figure 3B) is similar to that of the spiders, with only 8 nucleotides between the same 
positions showing divergence from the consensus. Of these 8 positions, only one contains 
more than two different nucleotides. When all spider and mayfly sequences are aligned 
together (Figure 3C), a much smaller degree of overall conservation is observed, with 23 
positions between nucleotides 260 and 300 showing divergence.  
 These results interpreted together were encouraging for the prospect of mayfly-
specific primer design due to the genetic similarity within the collective spider and 
mayfly groups, compared to the large disparities between groups (i.e., when these two 
groups are combined into one alignment). However, optimal primer length is generally 
greater than 17 bp, and the positions of disparity (e.g. black stripes in Figure 3) among 
mayfly and spider sequences do not allow for stretches of sequence this long. Although 
this figure only displays a small section of the sequenced Folmer fragment, it is a 
representative section. There are no sequences long enough for primer design, which are 
fully conserved among mayfly and spider groups, and yet also show differences between  
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Figure	  3:	  Genetic	  conservation	  among	  and	  between	  spiders	  and	  
mayflies	  
A.	  
	  
 
B.	  
 
C.	  
 
 
DNA sequence alignments are shown above for (A) wolf spiders, (B) mayflies, and (C) both wolf spiders     
and mayflies. Red areas on the “Conservation” bar indicate that mtDNA is conserved (i.e. the same across 
different aligned sequences), while black indicates discrepancies from the consensus sequence. Mayflies 
and wolf spiders show extended conserved sequences, whereas a larger amount of discrepancies is seen in 
the combined alignment (C), especially within nucleotides 276-284. Each sequence reads from left to right, 
with sequence position listed above, and sample name listed to the left. 
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them. 
  Since a single pair of primers cannot be designed in this way, degenerate primers 
were created. A set of PCR primers is considered to be degenerate if any position or set 
of positions contains more than one nucleotide possibility (Linhart and Shamir, 2005). 
Therefore, if an alignment of mayfly DNA sequences contains a region suitable for 
primer design, but one position contains two different nucleotide possibilities, two 
different primer sequences could be made containing each possibility. Although this 
technique is a powerful means for amplifying a group of related sequences with minor 
inconsistencies, degenerate primer design must be undertaken with special care to 
minimize the degree of degeneracy (the number of different primers needed). As the PCR 
proceeds, the efficiency of the reaction is dependent on the homology of remaining 
primers with the template DNA. Consequently, greater amounts of degeneracy will lead 
to less homology and less efficiency (Jabado et al., 2006). 
  Figure 4A displays an alignment of spider and mayfly consensus sequences, 
allowing a region of nucleotides to be selected with regions of difference between the two 
sequences (yellow rectangles) and regions of degeneracy among each consensus 
sequence (orange rectangles). The forward mayfly-specific primer sequence is shown 
(Figure 4B) to have six-fold degeneracy, and the reverse sequence (Figure 4C) contains 
four-fold degeneracy. Therefore, a total of 10 different primers were present in the PCR, 
which were screened through the possible permutations of self-binding in order to ensure 
that no significant levels of interaction would occur. No false priming in the mayfly or 
spider sequences, and no significant secondary structure (e.g. hairpins) were predicted. 
An amplified fragment of 199 bp was expected, including the lengths of the primers  
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Figure	  4:	  The	  design	  and	  composition	  of	  mayfly-­‐specific	  primers	  
	  
A.	  
	  
 
B.	  	  	  	  Forward	  
	  
C.	  	  	  	  Reverse	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    
(A) Alignment of all Summer 2008 spider and mayfly sequences in Amplicon software is shown, with a 
consensus sequence generated in grey for spiders, and in white/tan for mayflies. Orange rectangles between 
the alignment indicate degeneracy, and yellow rectangles indicate differences between the two consensus 
sequences. A forward primer set was selected within the blue arrows, and is displayed in section (B), where 
the degenerate positions are expanded to display the six different primers represented by this sequence. (C). 
The reverse primer set from a different position in the alignment is also shown with expanded degenerate 
positions, indicating the four different primers included in this sequence. 
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themselves. Thermodynamic predictions via the next-neighbor method indicated a 
cumulative melting temperature between 52 and 58˚C. Temperature gradient PCR 
experiments established an optimal annealing temperature of 55˚C, using mayfly samples 
as “positive controls”. 
	  
 
iii. Mayfly-­‐Specific	  Primer	  Testing	  
	  
a. Testing	  on	  Summer	  2008	  positive	  controls	  and	  feeding	  trial	  spiders	  
               To establish the efficacy of the mayfly-specific primers, a series of experiments 
were performed utilizing them in PCRs to amplify mayfly nymph DNA samples and an 
adult sample. All PCRs with mayfly samples as positive controls yielded very high 
amplification levels, consistent with the 199 bp predicted amplified fragment size. 
Amplicons were specific to this size range, with no non-specific amplification seen. 
Amplification of mayfly DNA was identified in samples 16B-F, 20A-2A-F, and 21C-2A-
F, all three samples that had also been used to amplify wolf spider DNA with Folmer 
primers. These three samples represent both wolf spiders involved in feeding trials during 
Summer 2008, indicating that the mayfly-specific primers are capable of amplifying 
mayfly DNA from wolf spider gut contents after 4 hours of digestion. Amplification of 
mayfly DNA from the cephalothorax of a wolf spider in these feeding experiments 
(sample 16B-F) is seen in Figure 5. Despite showing less amplification than the mayfly 
positive controls, the presence of mayfly DNA at approximately 200 bp is nevertheless 
diagnostic and specific to the predicted amplified fragment size. DNA sequencing  
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Figure	  5:	  Amplification	  of	  mayfly	  mtDNA	  from	  Summer	  2008	  spider	  gut	  contents	  
 
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
PCR products from Summer 2008 sample 16B-F are shown above, a cephalothorax from a wolf 
spider which was fed a mayfly and frozen after 4 hours of digestion. Lanes 2-7 show an 
increasing amount of this DNA template, and numbers above the lanes represent DNA template 
amount in ng. BSA was used in all reactions at 5 µg/ml. Lane 8 (H2O) contains the PCR product 
from a reaction with no DNA template. All amplicons seen are consistent with the expected 
mayfly-specific primer amplified fragment size of 199 bp. Band brightness, although low, is still 
diagnostic of mayfly mtDNA amplification. 
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confirmed the mayfly identity of these PCR products, eliminating concern that spider 
DNA was being amplified. 
 
a. Testing	  on	  Summer	  2009	  mayflies	  
 Although all mayfly samples from Summer 2008 exhibited strong PCR 
amplification using the mayfly-specific primers, a larger sample size was necessary for a 
more complete assessment of whether spiders were eating available mayflies. A total of 
74 adult mayflies were collected in Summer 2009, and subject to PCR using mayfly-
specific primers. Amplification strength as seen after gel electrophoresis was classified 
into three different categories: strong, weak, and negative (no visible amplification). Any 
bands which appeared reduced in intensity were classified as weak, because the 
degradative effects of digestion would theoretically weaken the amplification amount 
further. It is therefore important to establish a baseline level of maximum expected 
amplification, before digestion is factored into the analysis. Figure 6 shows that overall 
coverage for the Summer 2009 mayflies is 60%, with 16% of mayflies exhibiting 
moderate/weak amplification, and 24% showing none. The mayfly-specific primers 
appeared to have better full-amplification coverage of Dubai mayflies (69%) than 
Grottoes mayflies (54%). However, the primers were able to produce a diagnostic level 
of amplification in about 75% of mayflies at both sites, indicating that only about 25% of 
collected mayflies were too genetically different to be detected.  
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Figure	  6:	  Amplification	  of	  Summer	  2009	  mayflies	  using	  mayfly-­‐specific	  primers	  
A.	   	   	  	  	  	  	  	  	  	  Dubai	   	   	   	   	  	  B.	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  Grottoes	  
	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
C.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Overall
	  
	  
	  
The effectiveness of mayfly-specific primers on 74 adult mayfly samples collected during 
Summer 2009 is shown above. Effectiveness is categorized into three different strengths of DNA 
amplification (positive, weak, negative) which are shown in percentages. (A) The adult mayflies 
collected from the Dubai site (n=26) are displayed separately from (B) those collected from 
Grottoes (n=48). Then, (C) the adult mayflies from both sites are combined for an overall view. 
Full-positive amplification varies from one site to the other, but full and weak amplification 
remain constant at about 75%.  
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Table	  3:	  BLAST	  results	  from	  Summer	  2009	  mayfly	  DNA	  sequences	  
 
NCBI BLAST results are shown above for the Summer 2009 adult mayflies which exhibited 
either weak or negative PCR amplification. Negative amplification is denoted with *, and all 
other samples are categorized as weak. The majority of DNA sequences show high maximum 
identity with the database, with the exception of sample p-g-45-F, which is likely a taxon not 
included in GenBank. A total of 5 possible genera are represented, and the difference between 
negative and weak amplification does not always appear to depend strictly on genus or species. 
All sequences identified to Ephemerella are negative, with the exception of sample p-d-23-F. 
Other taxa include both weak and negative samples, indicating that small sequence changes may 
not change taxonomic position, but may be enough to make the mayfly-specific primers non-
effective.  
Sample	  
name	   Accession	   Description	  
Max	  
score	  
Query	  
coverage	  
E	  
value	  
Max	  
ident	  
p-­‐d-­‐01-­‐F*	   AY326910.1	   Ephemerella	  invaria	  	   952	   96%	   0	   95%	  
p-­‐d-­‐07-­‐F*	   AY326910.1	   Ephemerella	  invaria	  	   1085	   96%	   	  0	   99%	  
p-­‐d-­‐23-­‐F	   AY326910.1	   Ephemerella	  invaria	  	   1072	   96%	   0	   98%	  
p-­‐d-­‐26-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	  	   1064	   95%	   0	   98%	  
p-­‐d-­‐27-­‐F*	   AY326910.1	   Ephemerella	  invaria	  	   985	   94%	   0	   96%	  
p-­‐d-­‐31-­‐F	   AY326880.1	  
Stenonema	  
mediopunctatum	   1072	   95%	   0	   98%	  
p-­‐d-­‐37-­‐F*	   AY326910.1	   Ephemerella	  invaria	   1068	   95%	   0	   99%	  
p-­‐g-­‐01-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	   1057	   95%	   0	   98%	  
p-­‐g-­‐20-­‐F	   AY326870.1	   Stenacron	  interpunctatum	  	   1050	   94%	   0	   98%	  
p-­‐g-­‐23-­‐F*	   AY326869.1	   Stenacron	  interpunctatum	  	   1068	   95%	   0	   98%	  
p-­‐g-­‐25-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	   1068	   95%	   0	   98%	  
p-­‐g-­‐26-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1064	   95%	   0	   98%	  
p-­‐g-­‐31-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	   1040	   95%	   0	   98%	  
p-­‐g-­‐39-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1046	   95%	   0	   98%	  
p-­‐g-­‐40-­‐F	   GU115033.1	   Acentrella	  turbida	   1070	   97%	   0	   98%	  
p-­‐g-­‐41-­‐F*	   GU115033.1	   Acentrella	  turbida	  	   1062	   97%	   0	   98%	  
p-­‐g-­‐42-­‐F	   GU115033.1	   Acentrella	  turbida	   1064	   97%	   0	   98%	  
p-­‐g-­‐43-­‐F	   GU115033.1	   Acentrella	  turbida	  	   1123	   97%	   0	   99%	  
p-­‐g-­‐44-­‐F*	   AY326910.1	   Ephemerella	  invaria	  	  	   974	   95%	   0	   95%	  
p-­‐g-­‐45-­‐F*	   GU329897.1	   Baetis	  rhodani	  	   525	   98%	  
1.00E
-­‐125	   82%	  
p-­‐g-­‐48-­‐F*	   AY326910.1	   Ephemerella	  invaria	  	  	   994	   95%	   0	   96%	  
p-­‐g-­‐49-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1101	   95%	   0	   100%	  
p-­‐g-­‐52-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1062	   95%	   0	   98%	  
p-­‐g-­‐54-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1101	   95%	   0	   100%	  
p-­‐g-­‐56-­‐F	   AY326870.1	   Stenacron	  interpunctatum	   1070	   95%	   0	   98%	  
p-­‐g-­‐57-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	  	   1070	   95%	   0	   98%	  
p-­‐g-­‐58-­‐F*	   AY326870.1	   Stenacron	  interpunctatum	  	   1066	   95%	   0	   98%	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iv. Mayfly-­‐Specific	  Primer	  Redesign	  Attempts	  
	  
a. Amplification	  and	  sequencing	  of	  weak	  and	  negative	  samples	  
   Although the amplification strengths seen in Figure 6 are favorable, 
identification of the weak and negative samples was important both for optimizing the  
mayfly-specific primer coverage, and for understanding the genetic diversity among 
South River mayflies. To reach these goals, each weak and negative mayfly sample was 
amplified by PCR using Folmer primers. Once these amplifications were complete, PCR 
products were purified and sequenced in the forward and reverse directions. DNA 
sequences were queried against the NCBI GenBank non- redundant nucleotide database 
using the BLASTn program, with the megablast search algorithm. A total of 27 
sequences were queried (Table 3), resulting in matches to four different mayfly genera 
(Ephemerella, Stenacron, Acentrella, and Baetis). The majority of these sequences 
exhibited high identity with the database matches, except for sample p-g-45-F, which 
demonstrated a low percent identity (82%) with the Baetis genus it most closely matched. 
It is likely that the genetic diversity of this sample was not present in the GenBank 
database, indicating a possibility for a genus (or perhaps even family) of mayflies that has 
not been sequenced and submitted to GenBank.  
 
b. Analysis	  of	  mayfly	  genetic	  diversity	  for	  primer	  redesign	  
 Multiple attempts were made to redesign the mayfly-specific primers in order to 
provide more coverage over the mayfly samples collected during Summer 2008 and 
2009. However, intra-group genetic diversity was far too high in the total collected  
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Figure	  7:	  Phylogeny	  prediction	  for	  all	  sequenced	  mayflies	  (Summer	  2008	  and	  
2009)	  
 
 
 
 
 
 
Phylogenetic prediction for all collected mayfly sequences is shown above, using the Neighbor Joining 
algorithm with 100 bootstrap replicates. The scale bar represents sequence divergence of approximately 18%. 
Genera names from the top BLAST GenBank hits are superimposed for each group of sequences. The samples 
(*) S1-MA-F and 19A-F are matched to the genus Isonychia and were not used in primer redesign due to 
difficulties in aligning their sequences with the others. (‡) Maccaffertium represents the BLAST match for 
sequence S6-MA-F; it is a “subgenus” of Stenonema which has controversially been elevated to the genus 
level, but is not completely accepted (Ball et al., 2005). The phylogenetic prediction is consistent with BLAST 
matches, grouping taxonomically related mayflies together and allowing the genetic diversity within the 
collective sequences to be visualized.  
 
 
 
 
 
 
Northam	   63	  
mayflies to be able to create primers that covered all samples simultaneously. The use of 
high-degeneracy primers was attempted in multiple different iterations, but requisite 
degeneracy was too great, and resulting primer efficiency was not acceptable.  Another 
approach to cover the genetic diversity among these mayflies was to separate them into a 
small collection of genetically similar groups. In this way, multiple sets of primers could 
be used which each have manageable levels of degeneracy. A phylogeny prediction 
algorithm was applied to all mayfly sequences (2008 and 2009), to sort the samples 
genetically into similar groups. The COI region being sequenced has been used in 
numerous cases of phylogenetic reconstruction, and yields taxonomically meaningful 
information, with the resolution to separate morphologically cryptic species with 
significant genetic differences (Stahls and Savolainen, 2007). The phylogeny was 
reconstructed using the Neighbor Joining algorithm with 100 bootstrap replicates, and is 
shown in Figure 7.   
 Interestingly, the phylogeny reconstruction is consistent with BLAST GenBank 
matches to the collected mayfly samples. Each of the genera identified via GenBank 
(Stenacron, Ephemerella, Stenonema/Maccaffertium, Isonychia, and Acentrella) are 
arranged into phylogenetically distinct groups, indicating that genetic diversity over all 
mayflies collected can be roughly arranged into these five groups as well. This figure not 
only gives an approximate idea of evolutionary relationships between mayfly taxa of the 
South River; it also is informative for group-specific primer design. Degeneracy can be 
minimized by designing primers for genetically related groups, and by using BLAST 
results with phylogenetic prediction to give a more detailed picture of genetic diversity.  
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Figure	  8:	  Morphology	  of	  two	  collected	  adult	  mayflies	  from	  Summer	  2009	  
 
A. 
 
B. 
 
 
Two adult mayfly samples caught during Summer 2009 are displayed above. (A) Sample m-g-35 was not 
sequenced due to its strong amplification with mayfly-specific primers. (B) Sample p-g-39 was matched to 
the genus Stenacron and suffered loss of tail filaments from the freezing process. Millimeter marks on a 
ruler are shown below this sample. Photos by Vinny Roggero, 2009 
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As a representation of morphological diversity, two pictures of collected mayfly samples 
are shown in Figure 8. 
 After consideration of the genetically distinct groups, four pairs of degenerate 
primers (Appendix II) were designed to amplify mayfly DNA from the genera Stenacron, 
Ephemerella, Stenonema/Maccaffertium, and Acentrella. The genus Isonychia was  
excluded from the redesigned primers due to prohibitively high divergence from the other 
sequences. These primers were run in multiplex PCRs, reactions in which multiple 
different primers are used simultaneously. Extensive testing with these redesigned 
primers showed amplification of some samples which were originally negative. However, 
efficiency of these primers when run in multiplex was too low for reliable identification 
of mayfly DNA. Primer-dimerization was observed between multiple permutations of the 
degenerate primers, suggesting that significant interaction between the groups of 
degenerate primers could be inhibiting overall reaction efficiency. Although these 
primers deserve further investigation, perhaps run in separate groups, the original mayfly-
specific primers were decidedly superior for their amplification efficiency. 
 
 
v. Spider	  Feeding	  Trials:	  	  Summer	  2009	  
	  
a. Amplification	  of	  Summer	  2009	  spider	  feeding	  trial	  samples	  
   To estimate the length of digestion time mayfly DNA can withstand in the gut 
contents of a wolf spider, PCRs of spider gut contents were completed for 9 different 
samples. Digestion times included: 3, 4, 10, 11, 12, and 24 hours, with replicates of the 4, 
12 and 24 hour time points. Because literature on the kinetics of spider digestion is  
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Figure	  9:	  Amplification	  of	  mayfly	  DNA	  after	  12	  hours	  of	  spider	  digestion	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Results are shown above for a spider in the 2009 feeding trial experiments which was fed a mayfly and 
allowed to digest for 12 hours. Two different DNA template amounts were run on the gel for the 
cephalothorax (ceph) and abdomen (AB) samples: 40 and 45 ng. “NC” indicates a negative control 
amplification on distal leg samples, and “H2O” indicates a reaction with no DNA template. A very small 
amount of amplification is seen in the NC lane, which is insignificant in comparison to the AB / 
cephalothorax but could be due to false priming / sample carryover. Amplification of mayfly DNA is very 
strong even after 12 hours of spider digestion. 
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scarce, each spider was analyzed in four different anatomical locations (abdomen, 
cephalothorax, leg coxae, and distal leg—negative control). These multiple locations 
were used to determine whether the presence of mayfly DNA would be strongest in 
different regions of the gut at these different time points. Leg coxae (the proximal 
segment of the leg immediately adjacent to the cephalothorax) were investigated due to 
evidence indicating that wolf spider gut contents can extend into this proximal portion of 
the leg (Foelix, 1996).   
 Of all 9 feeding trial samples, only two did not show diagnostic amplification of 
mayfly DNA: one spider which had digested a mayfly for 4 hours, and another which had 
digested for 11. Importantly, amplification strength did not correlate with digestion time. 
Even as long as 24 hours post-feeding, mayfly DNA was still diagnostically amplified. 
Samples that had been digested for 12 hours (Figure 9) displayed very high levels of 
amplification, more so than samples that had been digested for 3 or 4 hours. Therefore, 
strength of amplification is likely correlated to genetic content of the eaten mayfly 
(homology with the mayfly-specific primers), rather than digestion time itself. If time 
trials were extended beyond 24 hours, gradual diminution of amplification strength would 
be expected, but digestion times were not long enough in these experiments to notice 
these effects.  
 Anatomical localization of mayfly DNA to the coxae was rare and unreliable, 
indicating that extensions of gut contents into this portion of the legs did not contain 
sufficient quantities of mayfly DNA for visible amplification. There was no observed 
correlation between digestion time and prevalence of mayfly DNA in either the 
cephalothorax or abdomen, as might be expected as food content moves toward the 
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posterior end of the digestive tract. Instead, amplification was usually stronger in the 
abdomen than the cephalothorax, which implicates the abdomen as a more reliable target 
for mayfly DNA after 3 or more hours of digestion. These results suggest that it is 
possible to detect mayfly DNA within spider gut contents for up to 24 hours and beyond.  
 
vi. Large-­‐Scale	  Spider	  Gut	  Content	  Analysis	  
	  
a. Mass	  and	  DNA	  concentration	  of	  collected	  Summer	  2009	  spiders	  
             A total of 111 terrestrial spiders were collected during Summer 2009 for the 
purpose of a large-scale PCR gut content analysis. Because of the aforementioned time 
trial results, only the abdomen was analyzed for each spider, except for the legs of 6 
spiders which were analyzed as negative controls. Of these 111 spiders, 66 were from the 
Augusta Forestry Center, 32 were from the Dubai site, and 16 were collected from 
Grottoes State Park. The distribution of spider masses varies directly with the DNA 
extraction concentration for each spider (Figure 10), indicating that DNA extraction 
efficiency was similar across the range of collected spider masses. Spider mass ranged as 
high as 0.808 g, but most spiders were smaller; the average mass of all collected  
spiders (Figure 11) was 0.12 g. Spiders collected from the Augusta Forestry Center and 
Grottoes state park had similar average masses (0.08 g and 0.11 g, respectively). 
Collected spiders from the Dubai site had considerably higher average mass (0.19 g), an 
important factor for analyzing whether spiders eating mayflies had higher masses than 
those which did not. 
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Figure	  10:	  The	  direct	  relationship	  between	  collected	  spider	  mass	  and	  DNA	  
extraction	  concentration	  
 
 
 
 
 
 
DNA extraction concentration is plotted in a linear regression against spider mass above, for each 
of the 111 spiders involved in the large-scale gut content experiment. DNA extraction 
concentration shows a positive linear correlation with spider mass (R2=0.79), indicating that more 
massive spiders yielded an amount of DNA which is proportional to their increase in mass. 
Because of notable differences in collected spider size and mass, the determination of DNA 
extraction efficiency for different spider masses is important. These results suggest that QIAGEN 
DNA extraction procedures are similarly efficient for different sample masses.  
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Figure	  11:	  The	  average	  masses	  of	  spiders	  collected	  at	  three	  South	  River	  
sites	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The average masses for collected spiders during Summer 2009 are shown above. 66 spiders were 
collected from the Augusta Forestry Center (AFC), average mass = 0.08 g; 32 spiders were 
collected from the Dubai site, average mass = 0.19 g; 16 spiders were collected from Grottoes 
State Park, average mass = 0.11 g. All spiders collectively shared an average mass of 0.12 g. 
Error bars represent standard error of the mean.  
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b. Negative	  and	  positive	  controls	  for	  the	  large-­‐scale	  gut	  content	  analysis	  
 To optimize the detection of mayfly DNA in spider gut contents, an Agilent 2100 
Bioanalyzer was used for visualization and analysis of PCR products. Compared to 
agarose gel electrophoresis, DNA detection sensitivity of the Agilent 2100 system is 
approximately 5 times greater than SYBR gold staining, and 25 times greater than 
ethidium bromide staining. Additionally, this system has been used for multiple forensic 
analyses, involving the accurate detection, quantification, and sizing of mitochondrial 
DNA PCR products (Jensen, 2004). To ensure that PCR results were interpreted 
correctly, a series of negative and positive controls were performed. Six distal leg 
samples of the 111 collected spiders were used as negative controls, and none of these 
samples displayed any amplification above background fluorescence levels (>2 FU). A 
representative negative control sample is shown in Figure 12B, in which no fluorescence 
is observed aside from the sizing markers, indicating no amplification of mayfly DNA, 
and no false priming or amplification of the abundant spider DNA in that sample. A 
representative positive control sample is shown in Figure 12A, a feeding trial spider from 
Summer 2009 with a digestion time of 12 hours. In this sample, a clear peak 
corresponding to 208 bp (± 5) can be seen, which represents amplification of mayfly 
mtDNA using the mayfly-specific primers.  
 
c. PCR	  amplification	  results	  from	  the	  large-­‐scale	  gut	  content	  analysis	  
 Since negative control samples showed no background amplification due to false 
priming, even with the sensitivity of the Agilent 2100, the specificity of the mayfly-
specific primers was confirmed to exclude spider DNA. Furthermore, positive controls  
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Figure	  12:	  Positive	  and	  negative	  controls	  for	  large-­‐scale	  spider	  gut	  content	  
analysis	  
	  
A. 
 
B. 
	  
PCR products used as positive and negative controls for the large-scale spider gut content analysis are 
shown above. (A) A representative positive control is shown of a Summer 2009 feeding trial spider (12 
hours digestion time). (B) A representative negative control is shown of a distal leg sample from a large-
scale gut content analysis spider. The x-axis measures electrophoresis time (e.g. DNA fragment size), while 
the y-axis measures fluorescence units (FU). Peaks corresponding to 15 and 1500 bp are sizing markers, 
and the peak at 208 bp is mayfly mtDNA amplified using the mayfly-specific primers.  
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Figure	  13:	  Representative	  PCR	  results	  for	  the	  large-­‐scale	  gut	  content	  
analysis	  of	  collected	  spiders	  
	  
A. 
 
 
B. 
	  	  	  	  	  	  	  	   	  
	  
Representative results for PCR amplification of large-scale gut content analysis spiders are shown above. (A) No 
amplification is seen in the sample S-AFC-1, a spider collected from the Augusta Forestry Center. (B) A 
representative virtual gel is shown at the bottom, displaying no amplification for twelve AFC spiders in the large-scale 
gut content analysis. S-AFC-1, the sample shown above, is boxed in blue, and the level corresponding to 200 bp 
(mayfly mtDNA) is bracketed in red. Samples are listed in their respective lanes at the top of the gel, and the purple 
and green highlights correspond to the upper and lower sizing markers, respectively. 
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demonstrated a sharp and defined peak even in samples that were difficult or impossible 
to see on an agarose gel stained with Ethidium bromide. To assess the possibility for 
DNA contamination in the PCR master mixes, each 8-sample master mix was also used 
to run one “H2O” reaction with no DNA template. Each of these reactions was negative 
for any amplification, indicating that no DNA contamination was present. When all 111 
spiders were subsequently analyzed, no amplification of mayfly mtDNA was observed in 
any samples. Figure 13A displays a representative sample from this large-scale gut 
content analysis, with no fluorescence above background, aside from the lower and upper 
size markers. Multiple samples can be viewed simultaneously in a “virtual gel”, which is 
shown in Figure 13B. A complete lack of amplification is seen in all samples, which is 
consistent across the entire 111-spider sample set.  
 
Discussion	  
 Through the molecular investigation of mayflies and terrestrial spiders at the 
South River, mitochondrial DNA sequences were used to design novel mayfly-specific 
primers. These primers, combined with an optimized molecular methodology, were 
shown to detect mayfly DNA in the gut contents of spiders after up to 24 hours of 
digestion. A large-scale gut content analysis of 111 spiders showed that no mayfly DNA 
was detected, suggesting that mayflies had not contributed to the terrestrial spiders’ 
recent diets. These results indicate that emerging Ephemopterans are not the primary 
source of MeHg for the spiders at the time of year when they were sampled. Although the 
presence of mercury in the floodplain cannot be ruled out, the methodologies developed 
in this study are easily adaptable to wider dietary analyses. If emerging aquatic insects 
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can be identified as the primary contributors of dietary mercury for terrestrial spiders, the 
mercury spreading through the terrestrial food web is likely located in the river itself, 
rather than the floodplain. Localization of this mercury is crucial for understanding and 
preventing its flow into the terrestrial food web.  
 
i. Effectiveness	  of	  the	  Utilized	  PCR	  Methodologies	  
	  
a. The	  unique	  challenges	  of	  molecular	  predator-­‐prey	  studies	  
 DNA barcoding allows for examination of evolutionary relationships between 
organisms at an unprecedented level of resolution. As the availability of genetic 
information increases in databases such as NCBI GenBank, the ability to identify 
organisms and infer the evolutionary relationships between myriad taxa becomes more 
feasible and accurate (Hebert et al., 2003). One application of this technology is the 
investigation of predator-prey relationships through the identification of DNA barcodes, 
the technique used in this thesis. However, the attempt to amplify a fragment of 
potentially degraded prey DNA within a predator’s gut contents provides a suite of 
unique challenges that push the limits of molecular technologies, and demand creative 
innovation of existing materials and protocols for this purpose. One of the most 
significant challenges in a PCR-based predation study is overcoming PCR inhibition, an 
effect caused by numerous compounds that can occur within the organism itself or the 
organism’s environment (King et al., 2008).  
 Whether PCR inhibition is a significant concern can be determined by 
establishing gradients of increasing DNA template amount. An overly high level of DNA 
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template will inhibit any PCR, shown by a progressive increase in amplification strength 
until this maximum level is reached, after which amplification levels will decline. 
Therefore, if this maximum amplification level occurs at a DNA template amount which 
is far below the expected maximum, it is likely that PCR inhibition is a significant 
contributor (King et al., 2008). This effect was consistently seen with South River 
samples, most acutely in DNA extractions from entire spider abdomens. The use of a 
rigorous inhibitor removal procedure is critical in samples like these, because PCR 
efficiency needs to be as high as possible in order to amplify prey DNA that is limited in 
proportion compared with that of the predator. In this thesis, South River samples were 
processed using the QIAGEN DNA Stool Mini Kit, originally developed for isolating 
pathogen DNA from inhibitor-rich stool. Though extensive and time-consuming when 
compared to many other DNA extraction procedures, it allowed for consistent 
amplification of the extracted DNA. Despite this procedure, a strong inhibition effect was 
still noticed, which was mitigated by careful dilution of DNA template to a level high 
enough to amplify prey DNA, but low enough to avoid strong inhibition. This optimal 
level of DNA template was usually 45 ng (± 5) per PCR.  
 With the high sensitivity of PCR-based experiments, minimizing cross-
contamination of samples, instruments, and reagents is equally as important as the DNA 
extraction itself. The present study took multiple precautions in order to eliminate the 
possibility of false-positive results. Unlike routine DNA extraction procedures for animal 
tissue, the extraction of minute amounts of prey DNA necessitates an especially thorough 
extraction procedure. A high-speed tissue homogenizer was used in combination with 
extended (30-60 min) incubations in extraction buffer to ensure that the maximum 
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amount of prey DNA was released. To eliminate false-positives, new disposable plastic 
homogenizer tips and a UV-decontaminated PCR cabinet were used. These precautions, 
similar to working with ancient DNA, are essential to the success of a PCR-based 
predator-prey study (King et al., 2008).  The lack of mayfly DNA amplification in the 
large-scale gut content analysis experiment indicates that DNA contamination did not 
factor into the experiment.  
 Since PCR inhibition remained a significant factor in amplification strength, it 
was important to use a DNA polymerase which was resistant to these effects. 
Furthermore, the polymerase should have high fidelity; in the present study important 
distinctions are made between mayfly genera with a relatively small number of 
nucleotide changes. If polymerase errors are incorporated into the critical first stages of 
the PCR, the genetic message can be distorted by the time the resulting PCR products are 
sequenced. This distortion could also affect future attempts to design primers, where 
single nucleotide changes are depended upon in order to distinguish target from excluded 
sequences. Preliminary experiments testing different DNA polymerases with South River 
samples showed the best results when using Herculase II DNA polymerase, a Pyrococcus 
furiosus derived enzyme fused to a double-stranded DNA binding domain.  
 Herculase II combines features which are ideal for the present study, including 
high fidelity (approximately 6X lower error rate than Taq due to 3’-to-5’ exonuclease 
activity), high sensitivity, and superior yield under inhibitory conditions. With as little as 
1-5 ng of DNA template required to obtain significant levels of PCR product, this 
enzyme was ideal for amplifying mayfly DNA present in extremely small amounts—
smaller still when the template was diluted to overcome inhibition. The amount of DNA 
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template used in this study (45 ng) was approximately 6 times less than the recommended 
maximum level, an indication of strong inhibition. The use of PCR adjuvants such as 
BSA and DMSO was explored, but was ultimately shown not to be helpful for increasing 
amplification.  
 Certain strategies of primer design must also be taken into consideration in a 
“forensic” study such as this. Specifically, amplified fragments must strike a balance 
between minimum length to survive degradation and yet enough sequence length to 
reliably determine the genetic identity of the target organism. The design of short (<300 
bp) fragments to identify prey has been used in multiple previous studies, and reduces the 
probability that the target fragment will become degraded (Jarman et al., 2004). The 
amplified fragment length of the mayfly-specific primers (199 bp) strikes a favorable 
balance, having a smaller probability of degradation than the Folmer fragment (est. 651 
bp), while containing enough sequence length for reliable BLAST identification. The 
detection of mayfly DNA in spider gut contents for up to 24 hours with no time-
dependent loss of amplification provides evidence for the efficiency of the primers and 
the amplified fragment that they produce.   
 For the large-scale gut content analysis and associated positive and negative 
controls, mayfly-specific primers were Rapid-HPLC purified by the commercial source. 
This purification was selected instead of standard primer desalting because of the 
importance of having full-length primers in PCR when multiple different primers are 
used simultaneously. Especially with the use of degenerate primers (e.g. mayfly-specific), 
full-length primers are essential to having the correct balance of sequences which bind to 
their appropriate targets (Schoske et al., 2003).  Since mayfly DNA differed from that of 
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wolf spiders by only a few critical positions in the mayfly-specific primers, it is crucial 
that none of the nucleotides were missing from the primers, and HPLC helps significantly 
to accomplish this goal. The efficacy of the DNA extraction protocol, mayfly-specific 
primers, and the other PCR reagents can be seen in the success of the feeding trial 
experiments both in Summer 2008 and 2009. Additionally, no negative control PCRs 
showed significant amplification, along with the 111 spider samples of the large-scale gut 
content analysis, which indicate that there was no false priming occurring on spider 
DNA.  
  
b. Alternative	  approaches	  for	  the	  identification	  of	  mayfly	  DNA	  
 Although the group-specific degenerate PCR approach used in this thesis was 
shown to be effective in the detection of mayfly DNA from spider gut contents, other 
methodologies deserve consideration. The use of mayfly-specific monoclonal antibodies 
has shown extremely high sensitivity for the antigens of prey proteins, but the 
survivability of such antigens during digestion has not been investigated in comparison to 
nucleic acids such as mtDNA (Greenstone and Shufran, 2003). The cost and time 
required for this approach are greater than PCR-based experiments, but the potential for 
superior sensitivity should be explored. Despite this possibility, though, serological 
techniques such as the use of monoclonal antibodies do not allow for the flexibility of a 
group-specific degenerate PCR approach. In the present study, knowledge of the exact 
species and genotype of the target is not required; any DNA which can be amplified by 
the mayfly-specific primers can then be sequenced to determine its genetic identity and to 
simultaneously rule out false-priming. In this way, the effort required to map out the 
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genetic diversity of mayfly populations (or predation) is markedly decreased when 
compared to designing PCR primers or monoclonal antibodies for each species of interest 
(Sheppard and Harwood, 2005). 
 In cases such as the identification of spider prey from the South River, the feeding 
habits of the predator in question are cryptic and are known to be generalized and 
opportunistic. Thus, attempts to account for each possible prey item are daunting, if not 
impossible (Harper et al., 2005). A creative solution to this problem is to utilize universal 
primers in combination with primers that block the predator DNA from being amplified. 
Since Folmer’s (1994) universal invertebrate primers should account for virtually any 
invertebrate prey of a spider, these universal primers can be used to amplify any DNA 
from the spider’s prey (theoretically). Ordinarily, the overwhelming amount of spider 
DNA would mask any prey DNA from amplification, but blocking primers have been 
designed which could prevent predator DNA from being amplified. Successfully used to 
identify the unknown prey of Antarctic krill, blocking primers can consist of an 
oligonucleotide primer which overlaps with the region of DNA complementary to a 
universal primer, and extends into a predator-specific region. These blocking primers 
would contain a modification such as a “C3 spacer” which prevents DNA polymerases 
from carrying out 3’ extension of the DNA during PCR (Vestheim and Jarman, 2008). 
This approach should be considered for the investigation of terrestrial spider gut contents 
from the South River. Genotype information for wolf spiders collected at the South River 
has been obtained, so blocking primers could be designed which are specific to their 
mtDNA, allowing any other potential prey items to be identified, Ephemopteran or 
otherwise.  
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ii.  Optimization	  and	  Redesign	  of	  Mayfly-­‐Specific	  Primers	  
	  
a. Singleplex	  versus	  Multiplex	  PCR	  
 Although four different groups of degenerate PCR primers were designed for the 
various identified mayfly genera in this study, the problems associated with multiplex 
PCR made the originally designed singleplex mayfly-specific primers a more favorable 
approach. These primers show strong coverage over collected South River mayflies, but 
improved coverage is important for establishing a comprehensive analysis of potential 
mayfly predation by terrestrial spiders. A substantial group of mayflies was excluded 
from amplification (approximately 25% overall) due to genetic diversity that could not be 
accounted for by these primers. The multiplex primers (Appendix II) showed favorable 
nucleotide lengths and thermodynamic properties, and could greatly improve mayfly 
coverage, but further optimization is necessary. Careful adjustment of annealing 
temperature, primer concentration ratios, and analysis of primer-dimer interactions are all 
required steps for this process (Schoske et al., 2003). One option which was not explored 
in this thesis is to identify two primer groups which may be interacting (e.g. annealing to 
other primers instead of the DNA template), and place them in separate multiplex 
reactions.  
 If multiplex optimization is accomplished, visualization of the resulting PCR 
products can be carried out on a capillary electrophoresis genetic analyzer (DNA 
sequencer) for extreme sensitivity. Fluorescently labeled primers have been used in 
multiple predator-prey studies involving invertebrates before, using fluorescent 
molecules such as FAM, HEX, and TET which can be added onto most oligonucleotide 
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sequences. This technique allows for the use of multiple labels per multiplex reaction, so 
that even similarly sized PCR products can be distinguished and quantified with a high 
degree of sensitivity (Harper et al., 2005).  
 
b. Efficacy	  of	  the	  mayfly-­‐specific	  primers	  
 The interpretation of results from this study requires a comprehensive evaluation 
of the mayfly-specific primers (singleplex). Firstly, amplification using these primers on 
both mayfly samples and feeding trial spider samples yielded PCR products which were 
consistently sharp and distinct. In addition to diagnostic peaks on the Agilent 2100 
Bioanalyzer, these products yielded DNA sequence data which contained easily separable 
electropherogram peaks and accurate sequence information—a challenge for degenerate 
primers (Jabado et al., 2006). In combination with a high-fidelity DNA polymerase such 
as Herculase II, errors in these DNA sequences are negligibly infrequent, so these data 
can be relied upon with a high degree of confidence.  
 Amplification of mayfly DNA even after 24 hours of spider digestion was shown 
to be possible without any observed diminution in strength over time, which is impressive 
considering the theoretically lowered efficiency of degenerate primers relative to normal 
oligonucleotides. Another PCR-based study of spider prey found that spiders which had 
been fed aphids only showed the presence of this prey DNA for up to 12 hours of 
digestion (Greenstone and Shufran, 2003). However, other studies have detected the 
DNA of spider prey considerable larger than aphids, such as medflies, for digestion times 
up to 96 or even 104.5 hours. In these studies, amplified fragment length has been 
significantly correlated to the ability to detect prey DNA; shorter amplicons have 
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consistently yielded stronger detection at longer digestion times (Monzo et al., 2009). 
With the efficiency of the mayfly-specific primers and their amplified fragment length of 
199 bp, it is likely that the detection of mayfly DNA could be extended to comparable 
lengths in longer feeding trials. 
 
iii.  Genetic	  Diversity	  of	  South	  River	  Ephemopterans	  
	  
a. The	  interpretation	  of	  BLAST	  results	  and	  taxonomic	  boundaries	  	  
 Through the sequencing of mayfly mtDNA, a genetic picture can be constructed 
of both the potential prey items of terrestrial spiders nearby the South River, and also the 
genetic diversity of mayflies living in and emerging from the river. DNA barcoding 
efforts, using genes such as COI, have been applied to more than 13,000 animal species 
and have a species identification rate of over 95% (Hebert and Gregory, 2005). Two 
complete mayfly mitochondrial genomes have been sequenced (Zhang et al., 2008; Lee et 
al., 2009), and COI sequences (e.g. the Folmer fragment) have been used in multiple 
studies attempting to establish species boundaries between mayflies with debated or 
ambiguous taxonomy resulting from morphological identification alone (Stahls and 
Savolainen, 2007). Although the efficacy of the mayfly-specific primers presented in this 
thesis has been demonstrated, most of the samples comprising the sequence alignments 
used to design these primers were collected from the underside of rocks, limiting the 
diversity of sampled mayflies because of this habitat. Because some mayflies occupy 
other habitats, such as silt burrows, these would be necessarily missed in the Summer 
2008 mayfly collection (Berner and Pescador, 1988).  
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 Since all mayfly nymphs emerge as flying adults, the collection of these adult 
forms is a far more comprehensive means for assessing mayfly diversity at the South 
River. Mayfly-specific primer tests show that approximately 60% of mayflies overall 
share high homology with the primers, suggesting that they are related to the genera 
Isonychia or Stenonema/Maccaffertium. The other 40% of collected mayflies were 
sequenced and are composed of the genera Stenacron, Ephemerella, Acentrella, and 
Stenonema (likely a different species of Stenonema from the collected mayfly nymphs). 
Since the Neighbor Joining phylogeny reconstruction algorithm supports the organization 
of all collected mayfly samples into the aforementioned genera, it is likely that BLAST 
provided correct information for genus-level identification (except in rare cases of 
particularly low identity matches).  
 
b. Limitations	  and	  considerations	  of	  molecular	  taxonomy	  
 The identification beyond genera into species can easily become ambiguous, and 
the relatively small number of Ephemopteran species with sequence information in 
GenBank only complicates this problem (Lee et al., 2009). Because of this lack of 
sequence data, many of the top BLAST matches to collected mayflies (ranging from 95-
99%) could be either the same species with deep genetic divergence, or another species 
altogether which is not included in GenBank. Studies of mayfly genetic diversity have 
observed considerable variation of the Folmer fragment between and among species, 
further complicating species identification. In some cases, intraspecies diversity has 
ranged as high as 6.6%, which would qualify nearly all of the collected South River 
mayflies as their top BLAST matches to the species level. However, the average 
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intraspecies diversity appears to depend on the genus in question, ranging from 2.2 to 
3.8% (Ball et al., 2005). Studies involving the Folmer fragment in other invertebrate taxa 
have chosen a “species boundary” level of approximately 3% nucleotide identity 
divergence (Hebert et al., 2003). If this threshold were chosen, any BLAST matches with 
97% or greater maximum identity could be considered the same species to their matched 
organism.  
 A broad view across 19 different mayfly genera has shown that intergenus genetic 
diversity ranges between 22.8 and 3.8%, a tremendous amount of variety. If two different 
genera can vary genetically by only 3.8%, it is reasonable to discriminate different 
species by a level lower than this, unless more information is known about the average 
interspecies diversity of a particular genus. Of course, one likely factor for some degree 
of this overlap of genetic diversity between species and between genera may be due to 
flawed taxonomical identification based on morphology that is not reflected in molecular 
data (Ball et al., 2005). For instance, numerous mayfly species (and genera) have been 
observed with genetic divergence that does not agree with their morphological taxonomy, 
and suggests a different taxonomical status (Stahls and Savolainen, 2007). Therefore, 
calculating the genetic diversity between two (morphologically) different genera which 
are genetically very similar could skew intergenus diversity data. In the present study, it 
is difficult to be confident with BLAST matches to the species level without more 
knowledge of typical information on genetic diversity among South River mayflies. For 
this reason, the identification to genus level is emphasized. 
 Analysis of mtDNA has shown tremendous success in identifying myriad animal 
taxa to the species level, but is not without its disadvantages. Ideally, a morphological 
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approach to taxonomy could be integrated with molecular data, to provide a more 
comprehensive taxonomy. The potential problems associated with relying purely on 
mtDNA information result from the differences between the genetic content of mtDNA 
and nuclear DNA. Because many mitochondrial genes are known as “housekeeping 
genes”, essential for metabolic processes and constitutively expressed, they may not be 
subject to the same selective pressures as nuclear genes. Thus, mtDNA theoretically has 
the capability to “introgress”, moving between different taxa without contributing to the 
fitness of the organisms (Herbert et al., 2003). In this situation, two recently diverged 
species could share very similar mitochondrial genotypes, while showing deep genetic 
divergence among nuclear genes. Mitochondrial introgression has been identified in 
certain Drosophila taxa, but very rarely observed in DNA barcoding studies of different 
organisms (Bachtrog et al., 2006). The rarity of this event observed thus far makes it a 
relatively low concern, but as the taxonomical use of mtDNA continues to grow, it is an 
important consideration. 
 
iv.  The	  Terrestrial	  Transfer	  of	  Mercury	  at	  the	  South	  River	  
	  
a. Interpreting	  the	  role	  of	  Ephemopterans	  
 Out of the four known mayfly genera that are true omnivores, this study observed 
two of these frequently at the South River: Stenonema and Isonychia (Brittain, 1982). 
Because predation significantly increases an organism’s burden of MeHg in a 
contaminated environment such as the South River, it is likely that the nymphs and adult 
mayflies collected were contributors to the subsidy of MeHg moving out of the river and 
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into the terrestrial environment (Driscoll et al., 2007). Indeed, mayflies composed 22% of 
the food boluses being fed to birds along the South River, which collectively showed 
significantly higher levels of MeHg than insects from non-contaminated sites (Brasso and 
Cristol, 2008). After terrestrial spiders were shown to be a key link in the transfer of 
MeHg into the terrestrial food web, the linking of their predation to emerging aquatic 
insects would provide a complete path of dietary mercury from aquatic to terrestrial food 
webs (Cristol et al., 2008). Mayflies, known to be a tremendous source of subsidy from 
aquatic to terrestrial environments (Henschel et al., 2001), could be such a  “missing 
link”.  
 Are mayflies contributing to the diets of terrestrial spiders at the South River? The 
results of the present study suggest that emerging mayflies are not a common prey item 
for such terrestrial spiders. Despite limitations on the diversity of mayflies which could 
be identified by the mayfly-specific primers, coverage of collected mayflies ranged from 
60-76% overall. This level of coverage is likely to reveal a significant proportion of 
mayfly DNA in spider gut contents if mayflies are prevalent enough prey items to 
contribute the substantial levels of dietary MeHg observed in South River spiders (Cristol 
et al., 2008). However, in a large-scale gut content analysis of terrestrial spiders collected 
from the same sites as emerging mayflies, none of the 111 spiders sampled was found to 
have mayfly DNA in their gut contents. The successful feeding trials show no loss of 
mayfly DNA amplification strength even at 24 hours of digestion, suggesting that the 111 
spiders had not eaten a mayfly in 24 hours or less. Importantly, 36 of the 111 spiders, 
from the Dubai site, were placed at room temperature for approximately 24 hours before 
freezing. Because of this extra period of possible digestion would make total digestion 
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time greater than 24 hours, prey items may have been more degraded than those in 
spiders which were frozen much sooner. Longer feeding trials will likely extend the 24-
hour period of DNA detection substantially, according to other predator-prey studies 
involving spiders (Monzo et al., 2009).  
 In the study of a generalist predator group such as Lycosidae, the exclusion of a 
potential prey group is valuable ecological information. The feeding trial experiments 
showed that terrestrial spiders required little provocation to attack and consume mayflies 
as prey. Therefore, it is possible that mayfly emergence was simply not abundant enough 
during the sampling of analyzed spiders to contribute substantially to their diets. Biased 
predation of certain mayfly genera is also a possibility, where spiders may have eaten 
mayflies constituting the 24% that the mayfly-specific primers could not identify. The 
generalist predatory habits of Lycosidae, in combination with the collection of adult 
mayflies from the same sites on the same days, make biased predation unlikely. If these 
spiders were preying on emerging mayflies from the river, it is probable that the 
extensive adult mayfly collection would have sampled a substantial portion of the genera 
available as prey. The finding that mayflies are not contributing to the diets of sampled 
terrestrial spiders does not discount their role in the biomagnification of MeHg at the 
South River; their prevalence in food boluses of swallows provides evidence of their 
transfer of mercury out of the river to at least one species of aerially-foraging bird 
(Brasso and Cristol, 2008). However, spiders represent a highly significant food chain 
link, because the food chain is extended when compared to birds eating adult mayflies 
directly. Additionally, many bird species have been confirmed eating terrestrial spiders, 
but it is not clear how many eat mayflies directly. Thus, another prey item or combination 
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thereof must be providing these spiders with their dietary mercury. The results of this 
study cannot rule out the river floodplain as the proximate source of MeHg to spiders and 
songbirds. Floodplains are well-characterized sinks for anthropogenic toxicants, 
including heavy metals, and could hold large deposits of MeHg which are able to directly 
enter the terrestrial environment (Lair et al., 2010). Ruling out the direct transfer of 
MeHg from mayflies to terrestrial spiders in at least some genera at one time of year is an 
important step in identifying the proximate source of mercury for these spiders.  
 
b. Alternative	  emergent	  aquatic	  insects	  	  
 The potential prey items of terrestrial spiders are extensive, including 
grasshoppers, beetles, crickets, worms, aphids, and caterpillars (Blueberry, 2002). The 
overwhelming majority of insects comparable to the spider’s size or smaller are possible 
prey items (Brittain, 1982). If emergent aquatic insects can be implicated, though, such a 
linkage would have vital implications for remediation efforts of the South River. In this 
case, MeHg could definitively be localized to the river itself and remediation such as 
capping and dredging could provide targeted efforts to remove or prevent the 
contamination from spreading (Wang et al., 2004). Emergent aquatic insects must 
therefore be ruled out. This study has morphologically identified a number of such insects 
in their larval form within the South River, including caddisflies (Order Trichoptera), 
damselflies (Order Odonata), and stoneflies (Order Plecoptera). Each of these organisms 
was also caught (usually inadvertently) while sampling for adult mayflies, suggesting that 
the South River offers other potential prey items for terrestrial spiders which could 
provide the “missing link” in the aquatic-to-terrestrial subsidy. 
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Conclusions	  /	  Future	  Directions	  
 Identification of the dietary source of MeHg for terrestrial spiders at the South 
River could provide information critical for understanding and preventing the flow of this 
dangerous toxicant through the terrestrial food web. Specifically, if emergent aquatic 
insects such as Ephemopterans can be detected as the prey of terrestrial spiders, the 
movement of MeHg can be traced back into the river itself. If this mercury is localized to 
the river instead of the floodplain, targeted remediation efforts can be made, which would 
be useless and destructive to the environment if the floodplain is the primary source of 
mercury (Wang et al., 2004). The design and thorough testing of mayfly-specific primers 
has allowed the gut contents of 111 terrestrial spiders to be analyzed for mayfly DNA. 
The results of this analysis show that none of the collected spiders had eaten a mayfly in 
24 hours or less.  
 Estimation of mayfly-specific primer coverage over the genetic diversity of 
emerging mayflies ranged from 60-74%. Combined with the strong performance in 
positive controls and absence of false-priming in spider DNA negative controls, the lack 
of mayfly DNA identified in the 111-spider analysis was likely not due any fault of the 
primers. The methodologies developed during this study showed high efficacy in the 
amplification of prey DNA from gut contents, using fluorescence-based detection that far 
surpasses agarose gel electrophoresis with ethidium bromide staining. Amplification of 
the Folmer fragment within mtDNA has well-studied taxonomic utility, and allowed for 
genetic diversity of Ephemopterans of the South River to be visualized with phylogenetic 
reconstruction. As DNA sequence availability increases in repositories such as GenBank, 
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the identification of organisms to the species level can be made more confidently, 
although that was not necessary in this study. 
 Various explanations are possible for the observed lack of mayfly DNA in spider 
gut contents, but the efficacy of the techniques developed make it possible to conclude 
that mayflies were not a significant contributor to terrestrial spider diets during the 
sampling periods. With the remarkably high MeHg concentrations found in terrestrial 
spiders at the South River (Cristol et al., 2008), another dietary source is likely for their 
contamination. Future investigations should analyze the preserved spider cephalothoraxes 
of the 111 spiders for MeHg, in order to ensure that the sampled spiders had MeHg levels 
representative of those which were contaminating the diets of songbirds living near the 
river (Cristol et al., 2008). Also, the attempt to identify an emergent aquatic insect as a 
prey item should be continued, expanding on the previous use of “blocking primers” to 
amplify theoretically any invertebrate prey of the spiders (Vestheim and Jarman, 2008). 
Folmer’s (1994) universal primers should be adaptable to a primer blocking technique, 
which would fit well with the other methodologies developed in this study. Additionally, 
the optimization and redesign of the mayfly-specific primers could reduce the probability 
that genetically divergent mayfly taxa are being missed by the current primer design. 
 Tracing the subsidy of mercury being transferred from the river into the terrestrial 
environment is of great value. The potent toxicity of MeHg has been documented in 
myriad in vitro and in vivo systems (Castoldi et al., 2008), but the severe biological 
effects in wildlife and humans are also studied extensively (Brasso and Cristol, 2008; 
Clarkson and Magos, 2006). The South River not only represents an opportunity to halt 
the biological and environmental flow of mercury; it is a case study in understanding the 
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dangers of anthropomorphic pollution, a practice which leaves toxic legacies worldwide 
(Maramba et al., 2006).    
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Appendix	  I	  
i.  DNA	  Extraction	  Concentrations	  and	  Purities	  
a. Summer	  2008	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
DNA	  
extraction	  
sample	  
name	  
Sequenced	  PCR	  
product	  name	   Description	  of	  DNA	  eluate	  
Concentr
ation	  
(ng/µl)	  
Purity	  
(260/280)	  
Sample	  1	   S1-­‐MA-­‐F	   Mayfly,	  6-­‐17-­‐08	   11.51	   2.04	  
Sample	  3	   S3-­‐MA-­‐F	   Mayfly	  nymph	  	   17.58	   2.12	  
Sample	  6	   S6-­‐MA-­‐F	   Mayfly	  nymph,	  6-­‐19-­‐08	   3.57	   1.72	  
Sample	  8	   S8-­‐MA-­‐F	   Mayfly	  nymph,	  6-­‐19-­‐08	  	   29.54	   1.96	  
Sample	  11	   11E-­‐2A-­‐F	   Mayfly	  nymph,	  6-­‐20-­‐08	   2.29	   1.13	  
Sample	  12	   12A-­‐2A-­‐F	   Mayfly	  nymph,	  6-­‐20-­‐08	   4.14	   1.26	  
Sample	  13	   13C-­‐2A-­‐F	   Mayfly	  nymph,	  6-­‐23-­‐08	   2.17	   2.90	  
Sample	  14	   14A-­‐2B-­‐F	   Wolf	  spider,	  6-­‐23-­‐08	   11.44	   1.67	  
Sample	  16	   16B-­‐F	   Spider	  cephalothorax,	  fed	  a	  mayfly	  	   29.74	   2.08	  
Sample	  18	   18A-­‐F	   Spider	  legs,	  6-­‐24-­‐08	   27.15	   1.78	  
Sample	  19	   19A-­‐F	   Adult	  mayfly	  from	  food	  bolus	   11.73	   1.89	  
Sample	  20	   20A-­‐2A-­‐F	   Spider	  cephalothorax,	  fed	  a	  mayfly	   18.55	   1.84	  
Sample	  21	   21C-­‐2A-­‐F	   Spider	  abdomen,	  fed	  a	  mayfly	   31.04	   2.15	  
Sample	  22	   22A-­‐F	   Spider	  legs,	  6-­‐24-­‐08	  	   16.25	   1.87	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b. Summer	  2009	  	  
Adult	  mayflies	  
Date	  
extracted	   Site	  
Extraction	  
sample	  
name	  
PCR	  
amplification	  	  
Concentrati
on	  (ng/µl)	  
Purity	  
(260/280)	  
10/22/13	   Grottoes	   m-­‐grot-­‐07	   positive,	  10-­‐30-­‐09	   169.93	   2.06	  
10/22/13	   Grottoes	   m-­‐grot-­‐09	   positive,	  10-­‐30-­‐09	   28.94	   1.95	  
10/22/13	   Dubai	   m-­‐dub-­‐01	   negative	   8.57	   2.20	  
10/22/13	   Dubai	   m-­‐dub-­‐03	   positive,	  11-­‐11-­‐09	   27.15	   2.07	  
10/24/13	   Dubai	   m-­‐dub-­‐05	   positive	  11-­‐20-­‐09	   10.78	   1.93	  
10/24/13	   Dubai	   m-­‐dub-­‐07	   negative	   22.01	   2.13	  
10/24/13	   Dubai	   m-­‐dub-­‐21	   positive	  11-­‐11-­‐09	   18.49	   1.98	  
10/24/13	   Dubai	   m-­‐dub-­‐22	   positive	  11-­‐20-­‐09	   26.87	   2.08	  
10/24/13	   Dubai	   m-­‐dub-­‐23	   negative	  /	  weak	  	   20.80	   2.10	  
10/24/13	   Dubai	   m-­‐dub-­‐24	   positive	  11-­‐20-­‐09	   58.12	   2.06	  
10/24/13	   Dubai	   m-­‐dub-­‐25	   positive	  11-­‐11-­‐09	   55.02	   2.03	  
10/24/13	   Dubai	   m-­‐dub-­‐26	   negative	   43.58	   2.02	  
11/7/13	   Dubai	   m-­‐dub-­‐27	   negative	   4.55	   1.76	  
11/7/13	   Dubai	   m-­‐dub-­‐28	   positive	  11-­‐23-­‐09	   74.23	   2.04	  
11/7/13	   Dubai	   m-­‐dub-­‐29	   positive	  11-­‐23-­‐09	   9.20	   2.21	  
11/7/13	   Dubai	   m-­‐dub-­‐30	   positive	  11-­‐23-­‐09	   39.06	   2.02	  
11/7/13	   Dubai	   m-­‐dub-­‐31	   negative	  /	  weak	  	   25.59	   1.97	  
11/7/13	   Dubai	   m-­‐dub-­‐32	   positive	  12-­‐4-­‐09	   9.28	   1.92	  
11/7/13	   Dubai	   m-­‐dub-­‐33	   positive	  12-­‐4-­‐09	   4.92	   1.91	  
11/7/13	   Dubai	   m-­‐dub-­‐34	   positive	  12-­‐4-­‐09	   64.48	   1.97	  
11/13/13	   Dubai	   m-­‐dub-­‐35	   negative	   9.46	   2.08	  
11/13/13	   Dubai	   m-­‐dub-­‐36	   positive	  12-­‐4-­‐09	   14.32	   1.74	  
11/13/13	   Dubai	   m-­‐dub-­‐37	   negative	   5.49	   1.57	  
11/13/13	   Dubai	   m-­‐dub-­‐38	   positive	  12-­‐4-­‐09	   48.98	   1.98	  
11/13/13	   Dubai	   m-­‐dub-­‐39	   positive	  12-­‐4-­‐09	   99.39	   2.08	  
11/13/13	   Dubai	   m-­‐dub-­‐40	   positive	  12-­‐4-­‐09	   9.58	   1.80	  
11/13/13	   Dubai	   m-­‐dub-­‐41	   positive	  12-­‐4-­‐09	   111.23	   2.04	  
11/13/13	   Dubai	   m-­‐dub-­‐42	   positive	  12-­‐4-­‐09	   71.05	   1.99	  
11/14/13	   Grottoes	   m-­‐grot-­‐01	   negative	   13.88	   1.87	  
11/14/13	   Grottoes	   m-­‐grot-­‐03	   positive	  1-­‐15-­‐10	   45.85	   2.01	  
11/14/13	   Grottoes	   m-­‐grot-­‐05	   positive	  1-­‐15-­‐10	   111.62	   2.05	  
11/14/13	   Grottoes	   m-­‐grot-­‐20	   negative	  /	  weak	  	   28.70	   1.96	  
12/5/13	   Grottoes	   m-­‐grot-­‐21	   positive	  1-­‐15-­‐10	   69.45	   2.02	  
12/5/13	   Grottoes	   m-­‐grot-­‐22	   positive	  1-­‐15-­‐10	   28.94	   2.01	  
12/5/13	   Grottoes	   m-­‐grot-­‐23	   negative	   22.51	   1.93	  
12/5/13	   Grottoes	   m-­‐grot-­‐24	   positive	  1-­‐15-­‐10	   42.68	   2.02	  
12/10/13	   Grottoes	   m-­‐grot-­‐25	   negative	   17.08	   1.90	  
12/10/13	   Grottoes	   m-­‐grot-­‐26	   negative	  /	  weak	  	   41.64	   1.98	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12/10/13	   Grottoes	   m-­‐grot-­‐27	   positive	  1-­‐15-­‐10	   23.30	   1.86	  
12/10/13	   Grottoes	   m-­‐grot-­‐28	   positive	  1-­‐15-­‐10	   22.77	   1.86	  
12/10/13	   Grottoes	   m-­‐grot-­‐29	   positive	  1-­‐25-­‐10	   25.27	   1.99	  
12/10/13	   Grottoes	   m-­‐grot-­‐30	   positive	  1-­‐25-­‐10	   60.64	   1.97	  
12/10/13	   Grottoes	   m-­‐grot-­‐31	   negative	   29.40	   1.84	  
12/10/13	   Grottoes	   m-­‐grot-­‐32	   positive	  1-­‐25-­‐10	   52.05	   1.98	  
1/12/14	   Grottoes	   m-­‐grot-­‐33	   negative	   6.82	   2.29	  
1/13/14	   Grottoes	   m-­‐grot-­‐34	   positive	  1-­‐18-­‐10	   75.54	   2.04	  
1/12/14	   Grottoes	   m-­‐grot-­‐35	   positive	  1-­‐18-­‐10	   29.16	   1.95	  
1/12/14	   Grottoes	   m-­‐grot-­‐36	   positive	  1-­‐18-­‐10	   9.67	   1.93	  
1/13/14	   Grottoes	   m-­‐grot-­‐37	   positive	  1-­‐18-­‐10	   39.13	   2.05	  
1/12/14	   Grottoes	   m-­‐grot-­‐38	   positive	  1-­‐18-­‐10	   11.47	   2.08	  
1/12/14	   Grottoes	   m-­‐grot-­‐39	   negative	  /	  weak	   10.31	   1.84	  
1/12/14	   Grottoes	   m-­‐grot-­‐40	   negative	  /	  weak	   4.88	   2.47	  
1/12/14	   Grottoes	   m-­‐grot-­‐41	   negative	   7.66	   2.40	  
1/12/14	   Grottoes	   m-­‐grot-­‐42	   negative	  /	  weak	   5.00	   1.93	  
1/13/14	   Grottoes	   m-­‐grot-­‐43	   negative	  /	  weak	   7.67	   2.15	  
1/13/14	   Grottoes	   m-­‐grot-­‐44	   negative	   4.63	   2.15	  
1/13/14	   Grottoes	   m-­‐grot-­‐45	   negative	   9.45	   1.56	  
1/13/14	   Grottoes	   m-­‐grot-­‐46	   negative	   4.21	   2.58	  
1/13/14	   Grottoes	   m-­‐grot-­‐47	   positive	  1-­‐21-­‐10	   109.88	   2.07	  
1/13/14	   Grottoes	   m-­‐grot-­‐48	   negative	   4.14	   2.74	  
1/14/14	   Grottoes	   m-­‐grot-­‐49	   negative	  /	  weak	   15.25	   2.13	  
1/14/14	   Grottoes	   m-­‐grot-­‐50	   positive	  1-­‐21-­‐10	   7.32	   1.82	  
1/14/14	   Grottoes	   m-­‐grot-­‐51	   positive	  1-­‐21-­‐10	   49.01	   2.01	  
1/14/14	   Grottoes	   m-­‐grot-­‐52	   negative	  /	  weak	   20.59	   1.99	  
1/14/14	   Grottoes	   m-­‐grot-­‐53	   positive	  1-­‐21-­‐10	   121.64	   2.07	  
1/14/14	   Grottoes	   m-­‐grot-­‐54	   negative	  /	  weak	   28.98	   1.99	  
1/14/14	   Grottoes	   m-­‐grot-­‐55	   positive	  1-­‐21-­‐10	   10.45	   1.74	  
1/14/14	   Grottoes	   m-­‐grot-­‐56	   negative	  /	  weak	   26.99	   1.97	  
1/15/14	   Grottoes	   m-­‐grot-­‐57	   negative	   39.96	   1.96	  
1/15/14	   Grottoes	   m-­‐grot-­‐58	   negative	   36.23	   1.93	  
1/15/14	   Grottoes	   m-­‐grot-­‐59	   positive	  1-­‐25-­‐10	   32.75	   1.84	  
1/15/14	   Grottoes	   m-­‐grot-­‐60	   positive	  1-­‐25-­‐10	   12.35	   1.84	  
1/15/14	   Grottoes	   m-­‐grot-­‐61	   positive	  1-­‐25-­‐10	   32.52	   1.94	  
1/15/14	   Grottoes	   m-­‐grot-­‐62	   positive	  1-­‐25-­‐10	   7.19	   1.76	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Adult	  spiders	  from	  feeding	  trials	  
Extraction	  sample	  name	  
Digestion	  
time	  (hr)	  
Full	  spider	  
mass	  (g)	  
Concentration	  
(ng/µl)	  
Purity	  
(260/280)	  
s-­‐grot	  w/	  m-­‐grot-­‐04	  AB	   3	   0.049	   51.37	   1.96	  
s-­‐grot	  w/	  m-­‐grot-­‐04	  ceph	   	   13.15	   1.78	  
s-­‐grot	  w/	  m-­‐grot-­‐04	  NC	   	   5.48	   1.20	  
s-­‐grot	  w/	  m-­‐dub-­‐04	  AB	   4	   0.067	   33.80	   2.02	  
s-­‐grot	  w/	  m-­‐dub-­‐04	  ceph	   	   31.02	   1.86	  
s-­‐grot	  w/	  m-­‐dub-­‐04	  coxa	   	   6.55	   1.67	  
s-­‐grot	  w/	  m-­‐dub-­‐04	  NC	   	   11.06	   1.86	  
s-­‐grot	  w/	  m-­‐dub-­‐02	  AB	   4	   0.077	   135.84	   2.09	  
s-­‐grot	  w/	  m-­‐dub-­‐02	  ceph	   	   20.63	   1.93	  
s-­‐grot	  w/	  m-­‐dub-­‐02	  coxa	   	   6.51	   1.48	  
s-­‐grot	  w/	  m-­‐dub-­‐02	  NC	   	   6.01	   1.47	  
s-­‐grot	  w/	  m-­‐dub-­‐08	  AB	   10	   0.052	   102.42	   2.15	  
s-­‐grot	  w/	  m-­‐dub-­‐08	  ceph	   	   12.40	   1.45	  
s-­‐grot	  w/	  m-­‐dub-­‐08	  coxa	   	   3.08	   2.15	  
s-­‐grot	  w/	  m-­‐dub-­‐08	  NC	   	   3.95	   2.18	  
s-­‐grot	  w/	  m-­‐dub-­‐06	  AB	   11	   0.028	   15.26	   2.00	  
s-­‐grot	  w/	  m-­‐dub-­‐06	  ceph	   	   7.92	   2.14	  
s-­‐grot	  w/	  m-­‐dub-­‐06	  NC	   	   4.58	   1.40	  
s-­‐grot	  w/	  m-­‐grot-­‐08	  AB	   12	   0.09	   91.15	   2.09	  
s-­‐grot	  w/	  m-­‐grot-­‐08	  ceph	   	   16.08	   1.77	  
s-­‐grot	  w/	  m-­‐grot-­‐08	  coxa	   	   5.37	   1.67	  
s-­‐grot	  w/	  m-­‐grot-­‐08	  NC	   	   3.21	   2.03	  
s-­‐grot	  w/	  m-­‐grot-­‐10	  AB	   12	   0.093	   100.63	   2.11	  
s-­‐grot	  w/	  m-­‐grot-­‐10	  ceph	   	   16.7	   1.91	  
s-­‐grot	  w/	  m-­‐grot-­‐10	  coxa	   	   6.34	   1.69	  
s-­‐grot	  w/	  m-­‐grot-­‐10	  NC	   	   4.68	   1.42	  
s-­‐grot	  w/	  m-­‐grot-­‐02	  AB	   24	   0.106	   68.04	   2.07	  
s-­‐grot	  w/	  m-­‐grot-­‐02	  ceph	   	   27.36	   2.01	  
s-­‐grot	  w/	  m-­‐grot-­‐02	  coxa	   	   3.14	   1.31	  
s-­‐grot	  w/	  m-­‐grot-­‐02	  NC	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   6.49	   1.46	  
s-­‐grot	  w/	  m-­‐grot-­‐06	  AB	   24	   0.094	   94.0	   2.15	  
s-­‐grot	  w/	  m-­‐grot-­‐06	  ceph	   	   28.87	   1.92	  
s-­‐grot	  w/	  m-­‐grot-­‐06	  coxa	   	   6.83	   1.39	  
s-­‐grot	  w/	  m-­‐grot-­‐06	  NC	   	   2.74	   0.99	  
 
Note: The mass of each feeding trial spider was recorded before dissection (wet weight). Each 
spider was dissected into either three or four DNA extraction samples, including “AB” 
(abdomen), “ceph” (cephalothorax), “coxa” (The proximal leg section directly adjacent to the 
cephalothorax), and “NC” (the distal leg sections used as a negative control with mayfly-specific 
primers). 
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Large-­‐scale	  gut	  content	  analysis	  spiders	  
Extraction	  sample	  
name	   Mass	  (g)	  
Concentration	  
(ng/µl)	   Purity	  (260/280)	  
S-­‐AFC-­‐01	   0.043	   9.33	   1.96	  
S-­‐AFC-­‐02	   0.057	   23.28	   1.98	  
S-­‐AFC-­‐03	   0.066	   101.55	   2.12	  
S-­‐AFC-­‐04	   0.032	   37.44	   2.08	  
S-­‐AFC-­‐05	   0.065	   25.54	   2.07	  
S-­‐AFC-­‐06	   0.082	   112.57	   2.08	  
S-­‐AFC-­‐07	   0.08	   142.44	   2.10	  
S-­‐AFC-­‐08	   0.072	   142.12	   2.15	  
S-­‐AFC-­‐09	   0.034	   43.05	   2.05	  
S-­‐AFC-­‐10	   0.076	   112.21	   2.12	  
S-­‐AFC-­‐11	   0.173	   151.72	   2.13	  
S-­‐AFC-­‐12	   0.055	   22.35	   1.91	  
S-­‐AFC-­‐13	   0.058	   27.33	   2.08	  
S-­‐AFC-­‐14	   0.04	   8.03	   1.62	  
S-­‐AFC-­‐15	   0.087	   129.03	   2.10	  
S-­‐AFC-­‐16	   0.055	   20.58	   2.26	  
S-­‐AFC-­‐17	   0.084	   60.99	   2.12	  
S-­‐AFC-­‐18	   0.265	   187.16	   2.13	  
S-­‐AFC-­‐19	   0.06	   64.39	   2.13	  
S-­‐AFC-­‐20	   0.052	   88.18	   2.12	  
S-­‐AFC-­‐21	   0.039	   24.86	   2.00	  
S-­‐AFC-­‐22	   0.043	   24.8	   2.03	  
S-­‐AFC-­‐23	   0.049	   9.80	   1.80	  
S-­‐AFC-­‐24	   0.059	   69.58	   2.11	  
S-­‐AFC-­‐25	   0.053	   27.99	   2.12	  
S-­‐AFC-­‐26	   0.091	   54.45	   2.18	  
S-­‐AFC-­‐27	   0.025	   15.51	   1.74	  
S-­‐AFC-­‐28	   0.085	   48.39	   2.10	  
S-­‐AFC-­‐29	   0.086	   97.93	   2.12	  
S-­‐AFC-­‐30	   0.403	   825.71	   2.14	  
S-­‐AFC-­‐31	   0.12	   228.55	   2.14	  
S-­‐AFC-­‐32	   0.071	   47.99	   2.11	  
S-­‐AFC-­‐33	   0.089	   129.90	   2.14	  
S-­‐AFC-­‐34	   0.045	   29.52	   2.02	  
S-­‐AFC-­‐35	   0.08	   102.51	   2.13	  
S-­‐AFC-­‐36	   0.217	   121.0	   2.13	  
S-­‐AFC-­‐37	   0.062	   77.84	   2.13	  
S-­‐AFC-­‐38	   0.077	   82.51	   2.12	  
S-­‐AFC-­‐39	   0.05	   17.82	   2.08	  
S-­‐AFC-­‐40	   0.043	   35.66	   2.01	  
S-­‐AFC-­‐41	   0.029	   21.79	   1.88	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S-­‐AFC-­‐42	   0.022	   7.65	   2.11	  
S-­‐AFC-­‐43	   0.047	   23.82	   2.00	  
S-­‐AFC-­‐44	   0.066	   25.28	   2.06	  
S-­‐AFC-­‐45	   0.045	   27.96	   2.02	  
S-­‐AFC-­‐46	   0.081	   57.80	   2.08	  
S-­‐AFC-­‐47	   0.299	   128.34	   2.12	  
S-­‐AFC-­‐48	   0.094	   200.05	   2.12	  
S-­‐AFC-­‐49	   0.074	   78.18	   2.07	  
S-­‐AFC-­‐50	   0.069	   49.56	   2.08	  
S-­‐AFC-­‐51	   0.035	   23.04	   2.14	  
S-­‐AFC-­‐52	   0.047	   77.52	   2.13	  
S-­‐AFC-­‐53	   0.051	   58.35	   2.08	  
S-­‐AFC-­‐54	   0.152	   40.38	   2.07	  
S-­‐AFC-­‐55	   0.064	   7.18	   2.39	  
S-­‐AFC-­‐56	   0.171	   134.99	   2.13	  
S-­‐AFC-­‐57	   0.042	   5.03	   2.20	  
S-­‐AFC-­‐58	   0.061	   53.65	   2.05	  
S-­‐AFC-­‐59	   0.061	   29.72	   2.07	  
S-­‐AFC-­‐60	   0.035	   12.95	   1.95	  
S-­‐AFC-­‐61	   0.038	   7.98	   2.09	  
S-­‐AFC-­‐62	   0.175	   93.27	   2.12	  
S-­‐AFC-­‐63	   0.062	   14.69	   1.90	  
S-­‐AFC-­‐64	   0.054	   75.87	   2.10	  
S-­‐AFC-­‐65	   0.069	   62.89	   2.16	  
S-­‐AFC-­‐66	   0.341	   200.92	   2.12	  
S-­‐DUB-­‐01	   0.632	   572.50	   2.19	  
S-­‐DUB-­‐02	   0.736	   597.35	   2.08	  
S-­‐DUB-­‐03	   0.808	   871.83	   2.12	  
S-­‐DUB-­‐04	   0.483	   684.81	   2.13	  
S-­‐DUB-­‐05	   0.037	   15.15	   1.95	  
S-­‐DUB-­‐06	   0.052	   30.79	   2.18	  
S-­‐DUB-­‐07	   0.053	   20.30	   2.14	  
S-­‐DUB-­‐08	   0.117	   36.39	   2.13	  
S-­‐DUB-­‐09	   0.471	   942.67	   2.15	  
S-­‐DUB-­‐10	   0.054	   14.16	   2.39	  
S-­‐DUB-­‐11	   0.059	   23.81	   2.14	  
S-­‐DUB-­‐12	   0.113	   53.52	   2.21	  
S-­‐DUB-­‐13	   0.067	   97.43	   2.19	  
S-­‐DUB-­‐14	   0.055	   96.67	   2.21	  
S-­‐DUB-­‐15	   0.054	   44.25	   2.05	  
S-­‐DUB-­‐16	   0.175	   67.60	   2.10	  
S-­‐DUB-­‐17	   0.069	   19.16	   2.05	  
S-­‐DUB-­‐18	   0.067	   57.92	   2.15	  
S-­‐DUB-­‐19	   0.085	   117.81	   2.14	  
S-­‐DUB-­‐20	   0.199	   83.20	   2.12	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S-­‐DUB-­‐21	   0.04	   30.55	   2.22	  
S-­‐DUB-­‐22	   0.067	   12.23	   2.14	  
S-­‐DUB-­‐23	   0.046	   15.38	   2.15	  
S-­‐DUB-­‐24	   0.067	   83.50	   2.12	  
S-­‐DUB-­‐25	   0.177	   59.29	   2.04	  
S-­‐DUB-­‐26	   0.159	   9.44	   1.96	  
S-­‐DUB-­‐27	   0.075	   115.57	   2.18	  
S-­‐DUB-­‐28	   0.067	   49.18	   2.06	  
S-­‐DUB-­‐29	   0.713	   715.94	   2.13	  
S-­‐DUB-­‐30	   0.068	   119.05	   2.17	  
S-­‐DUB-­‐31	   0.06	   29.09	   2.11	  
S-­‐DUB-­‐32	   0.225	   71.20	   2.14	  
S-­‐GROT-­‐01	   0.072	   112.39	   2.12	  
S-­‐GROT-­‐02	   0.064	   7.02	   2.56	  
S-­‐GROT-­‐04	   0.172	   119.76	   2.09	  
S-­‐GROT-­‐05	   0.05	   1.49	   2.82	  
S-­‐GROT-­‐06	   0.05	   30.79	   2.11	  
S-­‐GROT-­‐07	   0.198	   79.67	   2.18	  
S-­‐GROT-­‐08	   0.437	   491.47	   2.11	  
S-­‐GROT-­‐09	   0.063	   30.45	   2.06	  
S-­‐GROT-­‐10	   0.041	   47.61	   2.18	  
S-­‐GROT-­‐11	   0.04	   9.54	   1.94	  
S-­‐GROT-­‐13	   0.081	   13.20	   2.16	  
S-­‐GROT-­‐15	   0.059	   16.57	   2.14	  
S-­‐GROT-­‐16	   0.041	   16.70	   2.20	  
	  
	  
Large-­‐scale	  gut	  content	  analysis	  negative	  control	  spiders	  
Extraction	  sample	  
name	  
Concentration	  
(ng/*l)	   Purity	  (260/280)	  
S-­‐GROT-­‐1-­‐leg	   3.68	   2.25	  
S-­‐GROT-­‐4-­‐leg	   8.37	   1.89	  
S-­‐GROT-­‐11-­‐leg	   2.33	   2.68	  
S-­‐GROT-­‐13-­‐leg	   2.82	   1.88	  
S-­‐GROT-­‐15-­‐leg	   2.33	   2.96	  
S-­‐GROT-­‐16-­‐leg	   1.87	   3.02	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ii.  DNA	  Sequences	  
a. Summer	  2008	  
	  
S1-­‐MA-­‐F:	  
	  
AGTCGGAACTTCTCTCAGTTTGCTAATTCGAGCTGAGCTTGGACAGCCCGGATCATTAATTGGAGATGACCAAATTTATAATGTCA
TTGTTACAGCACATGCCTTCGTTATAATTTTCTTCATGGTTATGCCAATTATGATTGGAGGGTTCGGAAATTGATTAGTGCCTCTTAT
GTTAGGAGCTCCTGATATGGCCTTTCCTCGGATAAATAATATAAGCTTCTGACTGCTACCCCCAGCTTTAACCTTGCTATTGGCCAG
CAGTATAGTGGAAAGAGGGGCTGGCACTGGATGGACTGTTTACCCTCCACTTTCTGCAGGTATTGCCCATGCCGGGGCCTCAGTA
GATTTAGCTATCTTTTCTCTTCACTTGGCAGGAGTTTCTTCTATCCTCGGGGCTGTAAATTTTATTACCACTACCATCAATATGCGCT
CAAGTGGAATAACAATGGATCGAATTCCCCTATTTGTCTGATCGGTACTTATTACAGCCATCCTCTTACTTCTTTCTCTCCCAGTCCT
GGCCGGAGCCATCACCATATTATTAACAGACCGAAATTTAAACACCTCTTTCTTTGATCCCGCAGGAGGAGGGGATCCCATCCTAT
ACCAACACCT	  
	  
	  
S3-­‐MA-­‐F:	  
	  
CTTCTTTAAGTCTTCTTATCCGAGCTGAATTAGGTCAACCTGGATCTTTAATTGGTGATGACCAGATCTATAACGTTATTGTAACAG
CCCATGCTTTCATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGAAATTGATTAGTACCTCTAATACTAGGGG
CGCCTGATATGGCCTTCCCACGAATAAACAATATGAGATTCTGACTTCTTCCACCGGCTTTAACATTATTACTGGCTAGAAGTATAG
TAGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCCGGGATTGCTCACGCTGGAGCCTCAGTCGATTTAGC
AATCTTTTCTCTTCACTTAGCAGGAGTATCTTCTATCTTAGGGGCAGTAAATTTTATTACCACAACAATTAACATGCGCTCTACAGGA
ATAACTATGGATCGAATTCCTTTATTTGTATGGTCTGTTCTAATTACTGCTATCCTCCTTCTTCTCTCCTTACCTGTATTAGCAGGAGC
TATTACAATACTTCTGACTGATCGTAATCTTAACACATCTTTCTTTGATCCGGCAGGAGGTGGAGATCCTATCCTTTACCAACATCTC
TTCTGAT	  
	  
	  
S6-­‐MA-­‐F:	  
	  
GAACTTCTTTAAGTTTACTCATCCGGGCTGAATTGGGTCAACCAGGATCTTTAATTGGTGATGATCAAATCTATAATGTTATTGTAA
CAGCCCACGCTTTCATTATAATTTTCTTCATGGTCATGCCCATTATGATTGGAGGGTTTGGTAATTGATTAGTTCCTTTAATGCTAGG
GGCGCCTGATATGGCCTTTCCTCGAATAAATAATATAAGTTTCTGACTTCTTCCACCGGCTTTAACCCTACTACTGGCTAGAAGTAT
AGTTGAAAGAGGAGCTGGTACAGGATGGACAGTCTACCCTCCCCTATCGGCAGGGATTGCTCACGCAGGAGCCTCCGTAGATTTA
GCCATCTTTTCACTTCATCTAGCAGGGGTGTCTTCTATTTTAGGGGCAGTAAATTTTATTACAACAACTATTAACATGCGTTCCACA
GGAATAACTATGGATCGTATTCCCCTATTTGTTTGATCAGTTTTAATTACTGCTATCTTACTACTACTTTCATTGCCTGTATTAGCAG
GAGCCATTACTATACTCCTAACCGATCGGAATTTAAATACATCCTTCTTCGACCCGGCAGGAGGTGGAGATCCAATCTTATACCAA
CACCTCT	  
	  
	  
S8-­‐MA-­‐F:	  
	  
CTTCTTTAAGTCTTCTTATCCGAGCTGAATTAGGTCAACCTGGATCTTTAATTGGTGATGACCAGATCTATAACGTTATTGTAACAG
CCCATGCTTTCATTATAATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGAAATTGATTAGTACCCCTAATACTAGGGG
CGCCTGATATGGCCTTCCCACGAATAAACAATATGAGATTCTGACTTCTTCCACCGGCTTTAACATTATTACTGGCTAGAAGTATAG
TAGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCAGGGATTGCTCACGCTGGAGCCTCAGTCGATTTAGC
AATCTTTTCTCTTCACTTAGCAGGGGTATCTTCTATCTTAGGGGCAGTAAATTTTATTACCACAACAATTAACATGCGCTCTACAGG
AATAACTATGGATCGAATTCCCCTATTTGTATGGTCTGTTCTAATTACTGCTATCCTCCTTCTTCTCTCCTTACCTGTATTAGCAGGAG
CTATCACAATACTTCTGACTGATCGTAATCTTAACACATCTTTCTTTGATCCGGCGGGAGGTGGAGATCCTATCCTTTACCAACATCT
CTTCTGAT	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11E-­‐2A-­‐F:	  
	  
CTTCTTTAAGTCTTCTTATCCGAGCTGAATTAGGTCAACCTGGATCTTTAATTGGTGATGACCAGATCTATAACGTTATTGTAACAG
CCCATGCTTTCATTATAATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGAAATTGATTAGTACCCCTAATACTAGGGG
CGCCTGATATGGCCTTCCCACGAATAAACAATATGAGATTCTGACTTCTTCCACCGGCTTTAACATTATTACTGGCTAGAAGTATAG
TAGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCAGGGATTGCTCACGCTGGAGCCTCAGTCGATTTAGC
AATCTTTTCTCTTCACTTAGCAGGGGTATCTTCTATCTTAGGGGCAGTAAATTTTATTACCACAACAATTAACATGCGCTCTACAGG
AATAACTATGGATCGAATTCCCCTATTTGTATGGTCTGTTCTAATTACTGCTATCCTCCTTCTTCTCTCCTTACCTGTATTAGCAGGAG
CTATCACAATACTTCTGACTGATCGTAATCTTAACACATCTTTCTTTGATCCGGCGGGAGGTGGAGATCCTATCCTTTACCAACATCT
CTTCTGA	  
	  
	  
12A-­‐2A-­‐F:	  
	  
AGTAGGAACATCTTTAAGTCTACTGATTCGAGCTGAACTGGGTCAACCCGGATCTTTAATTGGTGATGACCAGATCTATAATGTTA
TTGTAACAGCCCATGCTTTTATTATGATTTTCTTCATGGTTATACCTATTATGATTGGAGGGTTTGGGAATTGATTAGTGCCTCTGAT
ACTAGGAGCGCCTGATATGGCCTTCCCCCGAATAAACAATATAAGCTTCTGACTTCTTCCACCGGCTTTAACACTACTACTGGCTAG
AAGTATAGTAGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCAGGAATTGCACATGCAGGAGCTTCTGTA
GACTTAGCAATCTTCTCACTCCATTTAGCGGGGGTATCTTCTATCTTGGGTGCAGTAAATTTTATTACAACAACTATCAATATACGTT
CCACAGGAATAACTATGGATCGAATTCCTTTATTTGTTTGGTCCGTTCTAATTACCGCTATCCTCTTACTACTTTCATTGCCTGTATTA
GCAGGGGCCATCACAATGCTTTTAACTGATCGTAACTTGAATACATCTTTCTTTGATCCTGCAGGAGGTGGAGATCCAATCCTTTAT
CAACACTTATTCTGAT	  
	  
	  
13C-­‐2A-­‐F:	  	  
	  
CTTGATCAGGAATAGTAGGAACATCTTTAAGTCTACTGTATTCGAGCTGAACTGGGGTCAACCCGGATCTTTAATTGGTGATGACC
AGATCTATAACGTTATTGTAACAGCCCATGCTTTTATTATGATTTTCTTCATGGTTATACCTATTATGATTGGAGGATTTGGGAATTG
ATTAGTGCCTCTGATACTAGGAGCGCCTGATATGGCCTTCCCCCGAATAAACAATATAAGCTTCTGACTTCTTCCACCGGCTTTAAC
ACTACTACTGGCTAGAAGTATAGTAGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCAGGAATTGCACAT
GCCGGAGCTTCTGTAGACTTAGCAATCTTCTCACTCCATTTAGCGGGGGTATCTTCTATCTTGGGTGCAGTAAATTTTATTACAACA
ACTATCAATATACGTTCCACAGGAATAACTATGGATCGAATTCCTTTATTTGTTTGGTCCGTTCTAATTACCGCTATCCTCTTACTAC
TTTCATTGCCTGTATTAGCAGGGGCCATCACAATGCTTTTAACTGATCGTAACTTGAATACATCTTTCTTTGATCCTGCAGGAGGTG
GAGACCCAATCCTTTATCAACACTTATTCTGATTTTTTGGTCA	  
	  
	  
14A-­‐2B-­‐F:	  
	  
ATTAGGGACTGCTATAAGTGTATTAATTCGAATAGAATTAGGTAATTCTGGAAGTTTATTAGGGGATGATCATTTATATAATGTTA
TAGTTACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTGATGCCAATTCTTATTGGTGGGTTTGGGAATTGATTAGTTCCTTTGAT
ATTAGGTGCTCCTGATATATCATTTCCTCGTATAAATAATCTTTCTTTTTGATTATTACCACCTTCTTTATTTTTATTATGTATATCATC
TATAGTGGAGATAGGAGTGGGAGCTGGATGAACTGTTTATCCTCCTTTAGCTTCTATAATAGGGCATATAGGTAATTCTATGGATT
TTGCTATTTTTTCTCTTCATTTAGCTGGGGCTTCTTCAATTATAGGTGCGGTAAATTTTATTTCGACTATTATTAATATACGGATATTA
GGAATATCAATAGAAAAGGTTCCGTTATTTGTTTGATCAGTATTAATTACTGCAGTATTATTATTACTTTCTTTACCTGTATTAGCAG
GTGCTATTACTATATTATTGACGGATCGAAATTTTAATACTTCTTTTTTTGACCCTGCAGGGGGAGGGGATCCTATTTTATTTCAACA
TTTATTTTGAT	  
	  
Northam	   110	  
	  
16B-­‐F:	  
	  
ATAATAGGTACTGCAATAAGAGTATTAATTCGAATGGAATTAGGAAATCCTGGAAGTTTATTAGGAGATGATCATTTATATAATGT
AATGGTTACTGCTCATGCTTTTGTTATGATTTTTTTTATGGTAATGCCAATTTTAATTGGTGGTTTTGGTAATTGGTTGGTTCCTTTA
ATGTTAGGGGCTCCTGATATATCATTTCCTCGAATAAATAATCTTTCTTTTTGATTATTACCTCCTTCTTTGTTTTTATTGTCTATATCT
TCTATGGTGGAAATAGGTGTTGGAGCTGGTTGAACTGTTTATCCTCCTTTGGCTTCTAGAGTGGGACATATAGGAAGTTCTATGGA
TTTTGCTATTTTCTCTCTTCATTTGGCTGGGGCTTCTTCTATTATAGGGGCGGTGAATTTTATTTCTACTATTATTAATATACGTATAT
TAGGTATATCTATAGAAAAGGTTCCTTTGTTTGTTTGATCGGTATTGATTACTGCTGTTTTATTATTGCTTTCTTTACCTGTACTAGCA
GGTGCTATTACTATATTGTTAACAGATCGAAACTTTAATACTTCTTTTTTTGATCCAACAGGTGGGGGAGATCCTATTTTGTTTCAAC
AT	  
	  
	  
18A-­‐F:	  
	  
TTGGTGTGTGGTCTGCAATAATAGGTACTGCAATAAGAGTATTAATTCGAATGGAATTAGGAAATCCTGGAAGTTTATTAGGAGA
TGATCATTTATATAATGTAATGGTTACTGCTCATGCTTTTGTTATGATTTTTTTTATGGTAATGCCAATTTTAATTGGTGGTTTTGGTA
ATTGGTTGGTTCCTTTAATGTTAGGGGCTCCTGATATATCATTTCCTCGAATAAATAATCTTTCTTTTTGATTATTACCTCCTTCTTTG
TTTTTATTGTCTATATCTTCTATGGTGGAAATAGGTGTTGGAGCTGGTTGAACTGTTTATCCTCCTTTGGCTTCTAGAGTGGGACAT
ATAGGAAGTTCTATGGATTTTGCTATTTTCTCTCTTCATTTGGCTGGGGCTTCTTCTATTATAGGGGCGGTGAATTTTATTTCTACTA
TTATTAATATACGTATATTAGGTATATCTATAGAAAAGGTTCCTTTGTTTGTTTGATCGGTATTGATTACTGCTGTTTTATTATTGCTT
TCTTTACCTGTACTAGCAGGTGCTATTACTATATTGTTAACAGATCGAAACTTTAATACTTCTTTTTTTGATCCAGCAGGTGGGGGA
GATCCTATTTTGTTTCAACATTTATTTTGGTTTTTTGG	  
	  
	  
19A-­‐F:	  
	  
GCCTGATCGGGTATAGTCGGAACTTCTCTCAGTTTGCTAATTCGAGCTGAGCTTGGACAGCCCGGATCACTAATTGGAGATGACCA
AATTTATAATGTCATTGTTACAGCACATGCCTTCGTTATAATTTTCTTCATGGTTATGCCGATTATGATTGGAGGGTTCGGAAATTG
ATTAGTGCCTCTTATGTTGGGAGCTCCTGATATGGCCTTTCCTCGGATAAATAATATAAGCTTCTGACTGCTACCCCCAGCTTTAAC
CTTGCTATTGGCCAGCAGTATAGTGGAAAGAGGGGCTGGCACTGGATGGACTGTTTACCCTCCACTTTCTGCGGGTATTGCCCAT
GCCGGGGCCTCAGTAGATTTAGCTATCTTTTCTCTTCACTTGGCAGGAGTTTCTTCTATCCTCGGGGCTGTAAATTTTATTACCACTA
CCATCAATATGCGCTCAAGTGGAATAACAATGGATCGAATTCCCCTATTTGTCTGATCGGTACTTATTACAGCCATCCTTTTACTTCT
TTCTCTTCCAGTCCTGGCCGGAGCCATCACCATATTATTAACAGACCGAAATTTAAACACCTCTTTCTTTGATCCCGCAGGAGGAGG
GGATCCCATCCTATACCAACACCTTTTTTGA	  
	  
	  
20A-­‐2A-­‐F:	  
	  
TATTAGGGACTGCTATAAGTGTGTTAATTCGAATAGAATTAGGTAATTCTGGAAGTTTATTAGGGGATGATCATTTATATAATGTT
ATGGTTACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTGATACCAATTCTTATTGGTGGGTTTGGGAATTGATTAGTTCCTTTAAT
ATTAGGTGCTCCTGATATATCATTTCCTCGTATAAATAATCTTTCTTTTTGATTATTACCACCTTCTTTATTTTTATTATGTATATCATC
TATAGTGGAGATAGGAGTGGGAGCTGGATGAACTGTTTATCCTCCTTTAGCTTCTACAATAGGGCATATAGGTAATTCTATGGATT
TTGCTATTTTTTCTCTTCATTTAGCTGGGGCTTCTTCAATTATAGGTGCGGTAAATTTTATTTCTACTATTATTAATATACGGATATTA
GGAATATCAATGGAAAAGGTTCCGTTATTTGTTTGATCAGTATTAATTACTGCAGTATTATTGTTACTTTCTTTACCTGTATTAGCAG
GTGCTATTACTATGTTATTGACGGATCGAAATTTTAATACTTCTTTTTTTGACCCTGCAGGGGGAGGGGATCCTATTTTATTTCAAC
ATTTATTTTGA	  
	  
	  
21C-­‐2A-­‐F:	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TATTAGGGACTGCTATAAGTGTGTTAATTCGAATAGAATTAGGTAATTCTGGAAGTTTATTAGGGGATGATCATTTATATAATGTT
ATGGTTACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTGATACCAATTCTTATTGGTGGGTTTGGGAATTGATTAGTTCCTTTAAT
ATTAGGTGCTCCTGATATATCATTTCCTCGTATAAATAATCTTTCTTTTTGATTATTACCACCTTCTTTATTTTTATTATGTATATCATC
TATAGTGGAGATAGGAGTGGGAGCTGGATGAACTGTTTATCCTCCTTTAGCTTCTACAATAGGGCATATAGGTAATTCTATGGATT
TTGCTATTTTTTCTCTTCATTTAGCTGGGGCTTCTTCAATTATAGGTGCGGTAAATTTTATTTCTACTATTATTAATATACGGATATTA
GGAATATCAATGGAAAAGGTTCCGTTATTTGTTTGATCAGTATTAATTACTGCAGTATTATTGTTACTTTCTTTACCTGTATTAGCAG
GTGCTATTACTATGTTATTGACGGATCGAAATTTTAATACTTCTTTTTTTGACCCTGCAGGGGGAGGGGATCCTATTTTATTTCAAC
ATTTATTTTGA	  
	  
	  
	  
22A-­‐F:	  
	  
ATATTAGGGACTGCTATAAGTGTGTTAATTCGAATAGAATTAGGTAATTCTGGAAGTTTATTAGGGGATGATCATTTATATAATGT
TATGGTTACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTGATACCAATTCTTATTGGTGGGTTTGGGAATTGATTAGTTCCTTTAA
TATTAGGTGCTCCTGATATATCATTTCCTCGTATAAATAATCTTTCTTTTTGATTATTACCACCTTCTTTATTTTTATTATGTATATCAT
CTATAGTGGAGATAGGAGTGGGAGCTGGATGAACTGTTTATCCTCCTTTAGCTTCTACAATAGGGCATATAGGTAATTCTATGGAT
TTTGCTATTTTTTCTCTTCATTTAGCTGGGGCTTCTTCAATTATAGGTGCGGTAAATTTTATTTCTACTATTATTAATATACGGATATT
AGGAATATCAATGGAAAAGGTTCCGTTATTTGTTTGATCAGTATTAATTACTGCAGTATTATTGTTACTTTCTTTACCTGTATTAGCA
GGTGCTATTACTATGTTATTGACGGATCGAAATTTTAATACTTCTTTTTTTGACCCTGCAGGGGGAGGGGATCCTATTTTATTTCAA
CATTTATTTTGA	  
	  
	  
	  
	  
b. Summer	  2009	  
	  
	   Note: The following mayfly samples are designated with a “p” for primer redesign, instead of an 
“m” 
	  
	  
p-­‐d-­‐01-­‐F:	  
	  
TCGGCACTTCTTTAAGCTTACTCATCCGGGCAGAATTGGGACAACCTGGGTCCTTAATTGGAGACGATCAAATCTACAATGTTATC
GTTACTGCTCACGCCTTTATTATAATTTTCTTTATAGTAATACCCATTATAATTGGTGGATTTGGGAACTGGCTAGTACCCCTTATAC
TTGGAGCCCCCGATATAGCTTTCCCCCGTATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTCTTAGCCAGAAG
TATAGTAGAAAGAGGGGCGGGTACTGGTTGGACAGTCTACCCTCCCTTAGCTTCCGGGATTGCTCACGCTGGAGGCTCTGTAGAC
CTCGCTATTTTCTCGCTTCATCTAGCTGGGGTTTCTTCTATCCTAGGAGCAGTAAATTTTATTACTACAACTATTAACATACGTGCAA
GTGGTATATCTATAGATCGAATCCCGCTTTTCGTGTGGTCAGTGCTAATCACAGCTATTTTACTTTTACTTTCTCTCCCAGTTTTGGC
AGGAGCCATTACTATACTTCTCACTGATCGTAATCTTAATACATCCTTCTTTGACCCCGCTGGAGGAGGAGACCCTATCCTTTACCA
ACACTTATTTTGATTT	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p-­‐d-­‐07-­‐F:	  
	  
TCGGTACTTCTTTAAGCTTACTCATCCGGGCAGAACTAGGACAACCTGGGTCCCTAATTGGAGACGATCAAATCTACAATGTTATC
GTTACTGCTCACGCCTTTATTATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGGTTTGGGAACTGGCTAGTACCCCTTATAC
TTGGAGCCCCCGATATAGCTTTCCCCCGCATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTATTAGCAAGAA
GTATAGTAGAAAGAGGGGCGGGTACTGGTTGGACAGTCTACCCTCCCTTGGCCTCCGGGATTGCTCACGCTGGAGGCTCCGTAG
ATCTCGCTATTTTCTCGCTTCACCTAGCTGGAGTTTCTTCTATCCTAGGGGCGGTAAACTTTATTACTACAACTATTAACATACGTGC
AAGCGGCATATCTATAGACCGAATCCCACTTTTCGTGTGGTCAGTACTAATTACAGCTATCTTACTTTTACTTTCTCTCCCAGTTTTA
GCAGGAGCCATTACTATACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGAGGGGGAGACCCTATTCTTTAC
CAACACTTATTTTGATTTTT	  
	  
	  
p-­‐d-­‐23-­‐F:	  
	  
TTCTTTAAGCTTACTCATCCGGGCAGAACTAGGACAACCTGGGTCCCTAATTGGAGACGATCAAATCTACAATGTTATCGTTACTGC
TCACGCCTTTATTATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGGTTTGGGAACTGGCTAGTACCCCTTATACTTGGAGCC
CCCGATATAGCTTTCCCCCGCATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTATTAGCAAGAAGTATAGTA
GAAAGAGGGGCGGGTACTGGTTGGACAGTCTACCCTCCCTTGGCCTCCGGGATTGCTCACGCTGGAGGCTCCGTAGATCTCGCTA
TTTTCTCGCTTCACCTAGCTGGAGTTTCTTCTATCCTAGGGGCGGTAAACTTTATTACTACAACTATTAACATACGTGCAAGCGGCA
TATCTATAGACCGAATCCCCCTTTTCGTGTGGTCAGTACTAATTACAGCTATCTTACTTTTACTTTCTCTCCCAGTTTTAGCAGGAGC
CATTACTATACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGAGGGGGAGACCCTATTCTTTACCAACACTTA
TTTTGATTTT	  
	  
p-­‐d-­‐26-­‐F:	  
	  
ATCTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGG
CCCATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGC
CCCTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGT
AGAAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCT
ATTTTCTCGCTTCATCTTGCGGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGG
ATAACAATGGACCGGATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAG
CTATTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACC
TCTTCTGATTTTTTGGTCA	  
	  
	  
p-­‐d-­‐27-­‐F:	  
	  
CTTCTTTAAGCCTACTCATCCGGGCAGAATTAGGACAACCTGGGTCCCTAATTGGAGATGATCAAATCTACAATGTTATCGTTACTG
CTCACGCCTTTATTATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGGTTCGGAAACTGGCTAGTACCCCTTATACTTGGAGC
CCCCGATATAGCTTTCCCCCGCATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTCTTAGCAAGAAGTATAGTA
GAAAGAGGGGCGGGTACTGGTTGGACAGTATACCCTCCCTTAGCTTCCGGTATTGCTCACGCTGGAGGCTCTGTAGACCTCGCTA
TTTTCTCGCTTCACCTAGCTGGAGTTTCTTCTATTCTAGGAGCGGTAAACTTTATTACTACAACTATTAACATACGTGCAAGCGGCAT
ATCTATAGACCGAATCCCACTTTTCGTGTGGTCAGTGCTAATTACAGCTATTTTACTTTTACTTTCTCTCCCAGTTTTGGCAGGAGCC
ATTACTATACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGTGGGGGAGACCCTATTCTTTACCAACACTTAT
TTTGATTTTTTGGTCACCCT	  
	  
	  
p-­‐d-­‐31-­‐F:	  
	  
TTCTTTAAGTCTTCTTATCCGAGCTGAATTAGGTCAACCTGGATCTTTAATTGGTGATGACCAGATCTATAACGTTATTGTAACAGC
CCATGCTTTCATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGAAATTGATTAGTACCCCTAATACTAGGGGC
GCCTGATATGGCCTTCCCACGAATAAACAATATGAGATTCTGACTTCTTCCACCGGCTTTAACATTATTACTGGCTAGAAGTATAGT
AGAAAGAGGAGCTGGTACAGGTTGGACCGTCTACCCTCCCCTATCTGCAGGGATTGCTCACGCTGGAGCCTCAGTCGATTTAGCA
Northam	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ATCTTTTCTCTTCACTTAGCAGGGGTATCTTCTATCTTAGGGGCAGTAAATTTTATTACCACAACAATTAACATGCGCTCTACAGGA
ATAACTATGGATCGAATTCCCCTATTTGTATGGTCTGTTCTAATTACTGCTATCCTCCTTCTTCTCTCCTTACCTGTATTAGCAGGAGC
TATCACAATACTTCTGACTGATCGTAATCTTAACACATCTTTCTTTGATCCGGCCGGAGGTGGAGATCCTATCCTTTACCAACATCTC
TTCTGATTTTTTGGT	  
	  
	  
p-­‐d-­‐37-­‐F:	  
	  
GTTTACTCATCCGGGCAGAACTAGGACAACCTGGGTCCCTAATTGGAGACGATCAAATCTACAATGTTATCGTTACTGCTCACGCC
TTTATTATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGGTTTGGGAACTGGCTAGTACCCCTTATACTTGGAGCCCCCGATA
TAGCTTTCCCCCGTATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTATTAGCAAGAAGTATAGTAGAAAGAG
GGGCGGGTACTGGTTGGACAGTCTACCCTCCCTTGGCTTCCGGGATTGCTCACGCTGGAGGCTCCGTAGATCTCGCTATTTTCTCG
CTTCACCTAGCTGGAGTTTCTTCTATTCTAGGGGCGGTAAACTTTATTACTACAACTATTAACATACGTGCAAGCGGAATATCCATA
GACCGAATCCCGCTTTTCGTGTGGTCAGTACTAATTACAGCTATCTTACTTTTACTTTCTCTCCCAGTTTTAGCAGGAGCCATTACTA
TACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGAGGAGGAGACCCTATTCTTTACCAACACTTATTTTGATT
TTTTGGTCAC	  
	  
	  
p-­‐g-­‐01-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACAGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCCCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATT
TTCTCGCTTCATCTCGCGGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGGATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTGGTCA	  
	  
p-­‐g-­‐20-­‐F:	  
	  
ACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCCCATGCTTTTA
TTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCCCTGATATGG
CCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTGCTTCTGGCTAGAAGTATAGTAGAAAGAGGT
GCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATTTTCTCGCTT
CATCTCGCCGGGGTCTCTTCTATTTTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATAACAATGGAC
CGAATCCCCTTATTTGTTTGATCAGTACTGATTACCGCTATTCTCCTTTTATTGTCCCTCCCAGTATTGGCCGGAGCTATTACAATACT
TCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTTCTGATTTTTT
GGTCACC	  
	  
	  
p-­‐g-­‐23-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTTCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATT
TTCTCGCTTCATCTCGCGGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGGGTCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTG	  
	  
Northam	   114	  
	  
p-­‐g-­‐25-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGGATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATT
TTCTCGCTTCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGGATCCCCTTATTTGTCTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTG	  
	  
	  
	  
p-­‐g-­‐26-­‐F:	  
	  
TCTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGC
CCATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCTTAATATTAGGAGCC
CCTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTA
GAAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGGATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTA
TTTTCTCGCTTCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGAT
AACAATGGACCGGATCCCCTTATTTGTCTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCT
ATTACAATACTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTC
TTCTGATTTTTTGGTCA	  
	  
	  
p-­‐g-­‐31-­‐F:	  
	  
TACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCCCATGCTTTT
ATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCTTAATATTAGGAGCCCCTGATATG
GCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACGCTACTTCTGGCTAGAAGTATAGTAGAAAGAGG
TGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGGATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATTTTCTCGCT
TCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATAACAATGGA
CCGGATCCCCTTATTTGTCTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTATTACAATA
CTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTTCTGATTTT
TTGGTCAC	  
	  
	  
p-­‐g-­‐39-­‐F:	  
	  
TACTTATTCGAGCTGAATTAGGACAGCCCGGCTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCCCATGCTTTT
ATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCCCTGATATG
GCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTAGAAAGAGGT
GCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGGATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATTTTCTCGCTT
CATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATAACAATGGAC
CGGATCCCCTTATTTGTCTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTATTACAATAC
TTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTTCTGATTTTT
TGGTCA	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p-­‐g-­‐40-­‐F:	  
	  
GGACATCATTGAGATTGTTAATTCGAGCTGAATTGGGTAACCCGGGTTCTTTAATTGGAGATGACCAAATTTATAACGTGATTGTT
ACTGCTCATGCATTTATTATGATTTTTTTTATGGTGATGCCAATTATAATTGGGGGGTTTGGAAACTGGTTGGTACCCCTTATACTG
GGTGCACCTGACATGGCTTTCCCCCGAATAAATAATATAAGCTTTTGAATATTACCTCCTTCTTTAACTTTATTAGTGTCAAGAAGCA
TCGTTGATGTGGGGGCTGGGACAGGTTGAACGGTTTATCCTCCTCTCTCAGCTAACATTGCCCATGGCGGTTCTTCAGTTGATTTT
GCTATTTTTTCTTTACATTTAGCTGGTATTTCTTCAATTTTAGGAGCTGTGAATTTTATTACCACTGTAATTAATATGCGTAGACCAG
GAATAACTTTAGACCGAATGCCACTATTTGTTTGATCCGTTGTAATTACAGCAGTCTTGTTATTATTATCATTACCCGTTTTAGCTGG
GGCTATTACTATGTTATTAACCGATCGTAATTTAAACACTTCATTTTTTGACCCTGCTGGGGGTGGGGATCCAATTTTATACCAACA
TTTATTTTGGTTTTTTGG	  
	  
	  
	  
p-­‐g-­‐41-­‐F:	  
	  
CATTGAGATTGTTAATTCGAGCTGAATTGGGTAACCCGGGTTCTTTAATTGGAGATGACCAAATTTATAACGTGATTGTTACTGCTC
ATGCATTTATTATGATTTTTTTTATGGTGATGCCAATTATAATTGGGGGGTTTGGAAACTGGTTGGTACCCCTTATACTGGGTGCAC
CTGACATGGCTTTCCCCCGAATAAATAATATAAGCTTTTGAATATTACCTCCTTCTTTAACTTTATTAGTGTCAAGAAGCATCGTTGA
TGTGGGGGCTGGGACAGGTTGAACGGTTTATCCTCCTCTCTCAGCTAACATTGCCCATGGCGGTTCTTCAGTTGATTTTGCTATTTT
TTCTTTACATTTAGCTGGTATTTCTTCAATTTTAGGAGCTGTGAATTTTATTACCACTGTAATTAATATGCGTAGACCAGGAATAACT
TTAGACCGAATGCCACTATTTGTTTGATCCGTTGTAATTACAGCAGTCTTGTTATTATTATCATTACCCGTTTTAGCTGGGGCTATTA
CTATGTTATTAACCGATCGTAATTTAAACACTTCATTTTTTGACCCTGCTGGGGGTGGGGATCCAATTTTATACCAACATTTATTTTG
GTTTTTTGGTC	  
	  
	  
p-­‐g-­‐42-­‐F:	  
	  
TCATTGAGATTGTTAATTCGAGCTGAATTGGGTAACCCGGGTTCTTTAATTGGAGATGACCAAATTTATAACGTGATTGTTACTGCT
CATGCATTTATTATGATTTTTTTTATGGTGATGCCAATTATAATTGGGGGGTTTGGAAACTGGTTGGTACCCCTTATACTGGGTGCA
CCTGACATGGCTTTCCCCCGAATAAATAATATAAGCTTTTGAATATTACCTCCTTCTTTAACTTTATTAGTGTCAAGAAGCATCGTTG
ATGTGGGGGCTGGGACAGGTTGAACGGTTTATCCTCCTCTCTCAGCTAACATTGCCCATGGCGGTTCTTCAGTTGATTTTGCTATTT
TTTCTTTACATTTAGCTGGTATTTCTTCAATTTTAGGAGCTGTGAATTTTATTACCACTGTAATTAATATGCGTAGACCAGGAATAAC
TTTAGACCGAATGCCACTATTTGTTTGATCCGTTGTAATTACAGCAGTCTTGTTATTATTATCATTACCCGTTTTAGCTGGGGCTATT
ACTATGTTATTAACCGATCGTAATTTAAACACTTCATTTTTTGACCCTGCTGGGGGTGGGGATCCAATTTTATACCAACATTTATTTT
GGTTTTTTGGTCA	  
	  
	  
	  
	  
p-­‐g-­‐43-­‐F:	  
	  
CATTGAGATTGTTAATTCGAGCTGAATTGGGTAACCCGGGTTCTTTAATTGGGGATGACCAAATTTATAACGTGATTGTTACTGCT
CATGCATTTATTATGATTTTTTTTATGGTGATGCCAATTATAATTGGGGGGTTTGGAAACTGGTTAGTACCCCTTATACTGGGTGCA
CCTGACATGGCTTTCCCCCGAATAAATAATATAAGCTTTTGAATATTACCTCCTTCATTAACTTTATTAGTGTCAAGAAGCATCGTTG
ATGTGGGGGCTGGGACAGGTTGAACGGTTTATCCTCCTCTCTCAGCTAACATTGCCCATGGAGGTTCCTCAGTTGATTTTGCTATTT
TTTCTTTACACTTAGCTGGTATTTCTTCAATTTTAGGAGCTGTGAATTTTATTACCACTGTAATTAATATGCGTAGACCAGGAATAAC
TTTAGATCGAATGCCACTATTTGTTTGATCTGTTGTAATTACAGCAGTCTTGTTATTATTATCATTACCCGTTTTAGCTGGGGCTATT
ACTATGCTATTAACTGATCGTAATTTAAACACTTCATTTTTTGACCCTGCTGGGGGTGGGGATCCAATTTTATATCAACATTTATTTT
GGTTTTTTGGTCACC	  
	  
	  
p-­‐g-­‐44-­‐F:	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CTTCTTTAAGCTTACTCATCCGGGCAGAATTAGGACAACCTGGGTCCCTAATTGGAGACGATCAAATCTACAATGTTATCGTTACTG
CTCACGCCTTTATTATAATTTTCTTTATAGTAATACCCATTATAATTGGTGGATTTGGGAACTGGCTAGTACCCCTTATACTTGGAGC
CCCCGATATAGCTTTCCCCCGTATAAATAATATAAGCTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTCTTAGCCAGAAGTATAGTA
GAAAGAGGGGCGGGTACTGGTTGGACAGTCTACCCTCCCTTAGCTTCCGGGATTGCTCACGCTGGAGGCTCTGTAGATCTCGCTA
TTTTCTCGCTTCATCTAGCTGGGGTTTCTTCTATCCTAGGAGCAGTAAACTTTATTACTACAACTATTAACATACGTGCCAGTGGCAT
ATCTATAGACCGAATCCCACTTTTCGTGTGGTCAGTACTAATTACAGCTATTTTACTTTTACTTTCTCTCCCAGTTTTGGCAGGAGCC
ATTACTATACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGAGGGGGAGACCCTATCCTTTACCAACACTTAT
TTTGATTTTTTGGTCA	  
	  
	  
p-­‐g-­‐45-­‐F:	  
	  
GTCCCTGAGACTATTAATTCGAGCAGAACTAGGAAATCCCGGTTCATTAATTGGTGATGATCAAATTTACAACGTAATTGTTACTG
CTCACGCTTTTATCATGATTTTTTTTATAGTGATGCCTATTATAATTGGGGGGTTCGGTAATTGGTTAGTTCCTTTGATGTTAGGTGC
CCCGGACATGGCTTTCCCCCGTATAAATAATATAAGTTTTTGACTTTTACCACCTTCACTAACATTACTTGTTTCTAGAAGAATTGTA
GATGTTGGTGCTGGAACAGGATGGACTGTGTACCCCCCATTAGCGGCTAACATCGCGCACGGTGGGTCTTCAGTTGATTTCGCTA
TTTTTTCCCTTCACTTAGCAGGTGTCTCGTCGATTTTAGGTGCAGTAAATTTTATTACAACAGTGGTTAATATGCGGAGCCCTGGAA
TAACATTAGATCGTATGCCTTTGTTTGTATGATCAGTGGTAATTACAGCTGTCTTATTACTACTCTCATTGCCTGTTCTGGCTGGGGC
TATCACCATATTGTTAACTGACCGAAATTTGAATACTTCATTCTTCGACCCAGCGGGTGGAGGTGATCCTATCCTATATCAACATTT
ATTTTGATTTTTTGGTCA	  
	  
	  
p-­‐g-­‐48-­‐F:	  
	  
TTCTTTAAGTCTACTCATCCGGGCAGAATTAGGACAACCTGGGTCCCTAATTGGAGACGATCAAATCTACAATGTTATCGTTACTGC
TCACGCCTTTATTATAATTTTCTTTATAGTAATACCTATTATAATTGGAGGGTTCGGAAACTGGCTAGTACCCCTTATACTTGGAGCC
CCCGATATAGCTTTCCCCCGCATAAATAATATAAGTTTTTGGCTTTTGCCTCCTGCCTTAACGCTCCTCTTAGCAAGAAGTATAGTAG
AAAGAGGGGCGGGTACTGGTTGGACAGTATACCCTCCCTTAGCTTCCGGTATTGCTCACGCTGGAGGCTCTGTAGACCTCGCTATT
TTCTCACTTCACCTAGCTGGAGTTTCTTCTATTCTAGGGGCGGTAAACTTTATTACTACAACTATTAACATACGTGCAAGCGGCATA
TCTATAGACCGAATCCCACTTTTCGTGTGGTCAGTGCTAATTACAGCTATTTTACTTTTACTTTCTCTCCCAGTTTTGGCAGGAGCCA
TTACTATACTTCTCACTGATCGTAATCTTAATACGTCCTTCTTTGACCCCGCTGGTGGGGGAGACCCTATTCTTTACCAACACTTATT
TTGATTTTTTGGTCAC	  
	  
	  
p-­‐g-­‐49-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCCGCCCTAACACTGCTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGAGCTTCAGTAGATCTCGCTATT
TTCTCGCTTCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGAATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTGGTCAC	  
	  
	  
p-­‐g-­‐52-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTATT
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TTCTCGCTTCATCTCGCGGGGGTATCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGGATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTGGTCAC	  
	  
	  
p-­‐g-­‐54-­‐F:	  
	  
CTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGCC
CATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCCC
CTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCCGCCCTAACACTGCTTCTGGCTAGAAGTATAGTAG
AAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGAGCTTCAGTAGATCTCGCTATT
TTCTCGCTTCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGATA
ACAATGGACCGAATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCTA
TTACAATACTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTCTT
CTGATTTTTTGGTCA	  
	  
	  
p-­‐g-­‐56-­‐F:	  
	  
TCTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAACGGC
CCATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCC
CCTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTATAGTA
GAAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTA
TTTTCTCGCTTCATCTCGCCGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGAT
AACAATGGACCGGATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCT
ATTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACACCTC
TTCTGATTTTTTGGTCA	  
	  
	  
p-­‐g-­‐57-­‐F:	  
	  
TCTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGCTCCTTGATTGGAGATGATCAAATCTACAATGTAATTGTAACGGC
CCATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGGAGCC
CCTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCTTAACACTGCTTCTGGCTAGAAGTATAGTA
GAAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGAATTGCTCATGCTGGGGCTTCAGTAGATCTCGCTA
TTTTCTCGCTTCATCTCGCTGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAGGGAT
AACAATGGACCGAATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCAGTATTAGCCGGAGCT
ATTACAATACTTCTAACAGACCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCTATTTTGTATCAACACCTC
TTCTGATTTTTTGGTC	  
	  
	  
p-­‐g-­‐58-­‐F:	  
	  
GACATCTTTAAGACTACTTATTCGAGCTGAATTAGGACAGCCCGGTTCCTTGATTGGGGATGATCAAATCTACAATGTAATTGTAA
CGGCCCATGCTTTTATTATGATTTTCTTCATGGTTATGCCTATTATGATTGGAGGATTTGGTAATTGACTAGTACCCCTAATATTAGG
AGCCCCTGATATGGCCTTCCCCCGAATAAACAATATGAGATTCTGACTACTTCCTCCTGCCCTAACACTACTTCTGGCTAGAAGTAT
AGTAGAAAGAGGTGCTGGCACTGGTTGGACGGTTTACCCTCCCCTATCGGCAGGGATTGCTCATGCTGGGGCTTCAGTAGATCTC
GCTATTTTCTCGCTTCATCTCGCGGGGGTCTCTTCTATTCTAGGGGCAGTAAACTTTATCACTACTACCATTAACATACGATCCACAG
GGATAACAATGGACCGGATCCCCTTATTTGTTTGATCAGTACTGATTACAGCTATTCTCCTTTTATTGTCCCTCCCCGTATTAGCCGG
AGCTATTACAATACTTCTAACAGATCGGAACTTAAATACCTCTTTCTTTGATCCCGCTGGTGGGGGAGATCCCATTTTGTATCAACA
CCTCTTCTGATTTTTTGGT	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Appendix	  II	  
i.  Primer	  Redesign	  Attempts	  
	  
The multiplex primer redesign attempts consisted of four pairs of primers, which are listed below. 
Melting temperatures are estimated using the Nearest Neighbor method. 
 
 
L1-­‐F:	  5’-­‐CAATATGAGATTCTGACTACTTCC-­‐3’	  
	  
L1-­‐R:	  5’-­‐GTTATCCCTGTGGATCGTATGTTA-­‐3’	  
	  
Amplified	  fragment	  length:	  237	  bp	  
Lowest	  Tm=55.00	  ˚C	  
Highest	  Tm=	  58.23	  ˚C	  
	  
	  
 
L2-­‐F:	  5’-­‐GGTCCYTAATTGGAGAYGATC-­‐3’	  
	  
L2-­‐R:	  5’-­‐	  AAGBGGGATTCGRTCTATRG-­‐3’	  
	  
	  
Amplified	  fragment	  length:	  416	  bp	  
Lowest	  Tm=55.63	  ˚C	  
Highest	  Tm=	  64.11	  ˚C	  
	  
	  
 
L3-­‐lower-­‐F:	  5’-­‐	  GWAAYCCSGGTTCWTTAATT-­‐3’	  
	  
L3-­‐lower-­‐R:	  5’-­‐	  CWGGKCTMCGCATATTAAYYAC-­‐3’	  
	  
Amplified	  fragment	  length:	  399	  bp	  
Lowest	  Tm=54.43	  ˚C	  
Highest	  Tm=	  64.40	  ˚C	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L3-­‐upper-­‐F:	  5’-­‐	  TGACTTCTTCCACCGGCTTTAAC-­‐3’	  
	  
L3-­‐upper-­‐R:	  5’-­‐	  CCATAGTTATTCCTGTRGARCG-­‐3’	  
	  
Amplified	  fragment	  length:	  229	  bp	  
Lowest	  Tm=56.36	  ˚C	  
Highest	  Tm=	  61.97	  ˚C	  
	  
